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Aerology 


INTRODUCTION 


Air Navigation 


Air navigation may be defined as the art 
and science of safely and efficiently direct- 
ing an aircraft from one place to another, 
and determining its position at any time. 


‘ This definition means different things to 


different people. To the electronics engineer, 


_ navigation is generally a method of fixing 


or of direction finding; to the meteorologist, 
it may infer only headings derived from 
forecast winds; to the .mathematician, it 
may mean precise calculation of a celestial 
position. But to the navigator the art and 
science of navigation have become so inter- 
woven that no one connotation is entirely 
correct. 

The beginning navigator largely practices 
the science of navigation; that is, the gath- 
ering of data and the use of this data to 
solve the navigation problem in a more or 
less mechanical manner. It is not until after 
many hours of flying that the navigator 
begins to realize that his total role involves 
an integration based on judgment. 

The great cornerstone upon which the 
navigator builds accuracy and _ reliability 
into his performance is judgment based 
upon experience. As the navigator learns, 
he is able to select the most accurate data 
available and integrate it into a system of 
navigation that best fits the existing flight 
conditions. 
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The navigator is an indispensable part of 
most of today’s offensive or defensive mis- 
sions. He must be able to plan a mission 
covering every eventuality; inflight, he 
must be able to evaluate the past and cur- 
rent progress of the aircraft and to derive 
a correct conclusion for the remainder of 
the mission. High speed navigation demands 
an ability to anticipate changes in flight 
conditions—to think ahead of the aircraft 
—and to make the correct decision imme- 
diately on the basis of anticipated changes. 

This requires, above all else, a knowledge 
of the environment in which the navigator 
works. Only by understanding the behavior 
of the great masses of air in which the air- 
craft flies can the navigator learn to cope 
with the complexity of the navigation prob- 
lem. He must learn to free himself from 
the traditional ways of thinking of surface 
weather, just as he has been freed from the 
confinements of surface navigation. 

Chapter 1 of Air Navigation is an at- 
tempt to separate from the great field of 
meteorological learning that knowledge nec- 
essary to understand the atmosphere, and 
thus to navigate an aircraft with the great- 
est effectiveness. The new navigator should 
begin with a fact that the experienced navi- 
gators of today have learned the hard way 
—that a mere knowledge of the science and 
a proficiency in the mechanics of navigation 
is not enough. A development of the art of 
navigation is the only guarantee of the 
success of the assigned mission. 
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Aerology 


The word atmosphere is one that has an 
interesting background. The derivation of 
the word is easy to see: atmo from the 
Greek meaning air or, more literally, 
breath; sphere, meaning, of course, globe— 
hence, globe of air. Even when the earth 
was considered to be flat, the concept of a 
sphere of air was not unusual. Some of the 
ancients felt that each person was sur- 
rounded by his own individual sphere of air. 

The atmosphere is the sea of air sur- 
rounding the earth. The physical dimension 
or the depth of the atmosphere is a contro- 
versial subject, with estimates varying 
from 400 to 20,000 miles. The actual limit 
of this sea of air is not of particular impor- 
tance to the navigator. 


STRUCTURE AND COMPOSITION 
OF THE ATMOSPHERE 


The atmosphere is, in actuality, divided 


into several layers with very real differ- 
ences between them. These layers and the 


IONOSPHERE 






18-50 MILES 
STRATOSPHERE 







TROPOSPHERE 


Structure of Atmosphere 
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boundaries between them are shown in the 
illustration, Structure of the Atmosphere. 


For purposes of this study, the two lower 
layers, the troposphere and the strato- 
sphere, and the divider between the two, 
the tropopause, will be discussed in detail. 
Naturally the air layer closest to the earth 
is the one of primary concern; however, in 
modern aviation more and more emphasis 
is being placed on very high altitude flights. 
The primary differences between the tropo- 
sphere and stratosphere are in water vapor 
content and temperature changes. 


Water Vapor in the Atmosphere 


Air is a mixture of many gases, the prin- 
cipal ones being: 


NITROGEN — 78% 
OXYGEN — 21% 


CO., HELIUM, 


1 
ARGON, NEON, ETC. — oe 


100% 


The mixture above is referred to as dry 
air. The concept of water existing as a gas 
is not a new one to most people, but usually 
there is a basic misunderstanding as to its 
nature. Water vapor is no more visible than 
oxygen or any other colorless gas. When 
the layman thinks of water vapor, it is 
usually in connection with visible steam and 
fog, but this is quite inaccurate. Visible 
steam and fog are liquid water in very small 
droplets. Water vapor is a gas—invisible 
and odorless. 


The amount of water vapor that can be 
present at any time in a mass of air is de- 
pendent upon the temperature of that mass 
of air. The actual limitations can be con- 
sidered as being from zero to four percent 
by volume, varying with the temperature 
and, of course, with the amount of water 
available to the air. 









SYMBOL ATOMIC WT MOLECULAR WT 
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Atomic and Molecular Weights 


Assume, for a moment, that a room con- 
tains 1000 grams of dry air and the next 
room contains the same. Both rooms would 
contain a mixture made up principally of 
nitrogen and oxygen. Pressures are the 
same on both these rooms; therefore, the 
density of the air and the total weight of 
air on the floor would be the same in either 
room. 


If water vapor is introduced into one 
room, this equality ceases to exist. The 
room into which water vapor is introduced 
must give up some of its dry air molecules 
in order to hold the water vapor molecule. 
Since water vapor is a very light gas, the 
wet room contains a lighter mixture and no 
longer weighs 1000 grams. 


The reason for water vapor being a light 
gas is not too hard to understand. Its com- 
ponents are hydrogen, the lightest element, 
and oxygen. The chart gives a breakdown 





of atomic and molecular weights found in 
dry air and water vapor. 


From this and the preceding statements 
it is possible to arrive at a basic conclusion 
and a rule of thumb—dry air is dense, wet 
air is light. 

There is certain terminology applicable 
to water vapor. The more common terms 
and their definitions are given in the Chart 
of S.H.,S.S8.H., R. H., and D. P.T. 


Heat In the Atmosphere 


Although many factors govern the weath- 
er of any particular location, there is one 
primary cause of all weather. It makes no 
difference whether it is a light breeze or a 
screaming tornado, the cause is the same— 
temperature differential. Temperature dif- 
ferential merely means that one part of the 
air is being heated more than another part, 










SPECIFIC 








S.H. 









SPECIFIC 


S.S.H. 






RELATIVE 


R.H. 


D.P.T. 


| 


HUMIDITY 


SATURATED 


HUMIDITY 


HUMIDITY 


DEWPOINT 
TEMPERATURE 


DEFINITION 


THE ACTUAL AMOUNT OF WATER 
VAPOR IN A GIVEN MASS OF AIR 
EXPRESSED IN GRAMS PER KILOGRAM. 


EXAMPLE 


20/1000 


40/1000 










THE AMOUNT OF WATER VAPOR A 
MASS OF AIR IS CAPABLE OF HOLDING 
AT A GIVEN TEMPERATURE AND 
PRESSURE EXPRESSED IN GRAMS PER 
KILOGRAM. 









THE PERCENTAGE OF SATURATION 
SPECIFIC HUMIDITY 
SATURATED SPECIFIC HUMIDITY. 
















THE TEMPERATURE AT WHICH AN AIR 
MASS WILL BECOME SATURATED WITH 
A GIVEN. $.H. AT A CONSTANT PRESSURE. 









Chart of S.H., S.S.H., R.H., and D.P.T. 
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but this difference of heating causes im- 
balances of density, humidities, and pres- 
sures which can only be rectified by the 
various phenomena called weather. 


Before continuing further on this subject, 
it is important that an understanding be 
reached as to how heat is transferred from 
its source, the sun, to the earth and its 
atmosphere. 


TRANSFER OF HEAT. A difference of tem- 
perature in or among various substances 
results in a transfer of heat from the warm- 
er to the colder substance. There are three 
processes by which heat is transferred: 
radiation, conduction, and mass movements 
of air. 


Heat transfer by radiation is the princi- 
pal method by which the earth is heated. 
Radiation occurs through a wave motion 
similar to radio or light waves. In this 
process no medium is necessary, making it 
possible for heat to travel the great dis- 
tance from the sun through the void of 
space. 


Radiation, as it comes from the sun, is 
primarily of short wave length. This short 
wave radiation would penetrate the atmo- 
sphere with very little difficulty, except for 
the following controlling factors: 


The ionosphere; the air layer beyond the 
stratosphere, extending from about 
50 miles to 500 miles, composed of 
ionized air particles which absorb 
some radiation. 

Atmospheric particles; dust for the most 
part which serves to reflect and scat- 
ter radiation waves. 

Clouds; liquid or ice droplets suspended 
in the air which reflect a great deal 
of radiation. 

The accompanying illustration shows the 
radiation distribution and reflection in the 
atmosphere. Using the figures in the dia- 
gram and the solar constant (the average 


radiation at the outer limit of the atmo- 
sphere has a value of 1.94 calories per 
Square centimeter per second), it can be 
determined that the earth receives an aver- 
age heat value of .83 calories per square 
centimeter per second. 


The actual amount of heat absorbed by 
the earth depends upon the reflectivity of 
the surface. For instance, a snow surface 
reflects most of the light and heat that 
strikes it, while a plowed field absorbs most 
of it. 


When short wave radiation strikes an ob- 
ject or a surface, it is reflected or absorbed. 
That which is absorbed is re-radiated as 
long wave radiation. The long wave radia- 
tion does not penetrate the atmosphere very 
easily. About 50 percent is trapped by the 
air and clouds, causing what is called “The 
Greenhouse Effect.” This effect (shown in 
the right-hand side of the illustration) ena- 
bles the air and clouds to act like a heat 
storage unit. If it were not for this factor, 
the earth would become extremely cold at 
night or on very cloudy days when there is 
little or no incoming radiation. 


Conduction is merely the transfer of heat 
throughout a common substance or from 
one substance to another by molecular mo- 
tion. A bar of iron being heated on one end 
will become hot throughout. The increase of 
heat causes increased motion of the mole- 
cules. One molecule strikes another and so 
on until the heat is distributed throughout. 
Dense substances are generally better con- 
ductors than light ones; therefore, air, with 
its widely spread molecules, is a very poor 
conductor of heat. 


The air next to the earth’s surface is 
heated by conduction and is transported by 
mass movement both vertically and _ hori- 
zontally. This mass movement in the ver- 
tical is called convection and in the hori- 
zontal it is called advection. 


To summarize: The earth is heated by 
radiation; the air that contacts its surface 


Nop 


ond 
a 
~ 


™ 16% Scattered 
absorbed by earth 


y 27% directly 
. absorbed by earth 
solar radiation 
16% 27% = 43% 
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4% returned to earth by air currents 





How the Earth Receives its Heat 


is heated by conduction; the heat is spread 
through the air by convection and advec- 
tion. 


DIFFERENTIAL HEATING. Differential heat- 
ing of the earth’s surface is caused by two 
separate factors. One important factor is 


the amount of radiation any given surface 
area receives. The other consideration is 
the type of surface—its reflectivity and its 
reaction to heat. 


The poles of the earth are colder than 
the Equator. This irregularity of heating is 
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Heating of the Earth's Surface Varies with the Seasons 


due to latitudinal and seasonal differences. 
Latitudinal and seasonal differences have 
exactly the same cause—difference in the 
angle of incidence of the sun’s radiation. 


Because the earth is tilted 2314 degrees 
from the vertical as shown in the illustra- 
tion, and is spherically shaped, the equa- 
torial and temperate regions receive more 
of the direct radiation rays of the sun in all 
seasons of the year than the polar regions. 
In the summer months of June, July, and 
August, the axis of the earth is tilted to- 
ward the sun, increasing the angle of inci- 
dence of the sun’s rays. In the winter 
months of December, January, and Febru- 
ary, the axis of the earth is tilted away so 
that the Southern Hemisphere receives di- 
rect radiation while in the north the radia- 
tion angle is very acute. 

As stated previously, the type of surface 
also determines how much heat the earth 
will absorb. The term most commonly used 
when discussing the temperature reaction 
of various materials to heat is specific heat. 


It is the thermal capacity of a substance 
divided by the thermal capacity of water. 
Thermal capacity is the amount of heat re- 
quired to raise the temperature of one gram 
of a substance one degree Celsius (centi- 
grade). Water has a specific heat of 1.0. 
Following is a list of approximate specific 
heats for some common materials: 


Water 1.0 
Ice 49 
Water Vapor 5 
Soil 2 
Lead .03 


Using these figures, assume an equal 
amount of heat is introduced to a given 
weight of lead and an equal weight of water. 
Lead has a specific heat of .03 and water of 
1.0. When an equal amount of heat is ap- 
plied to these substances, the lead will be- 
come 33 times as hot as the water; con- 
versely, when heat is subtracted, the lead 
will cool 33 times as much. 
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Some substances, such as lithium with a 
specific heat of .94, have a high specific 
heat, but none is as high as water except 
free hydrogen with a specific heat of 2.41. 
Free hydrogen in the atmosphere is prac- 
tically non-existant, so that water can be 
considered to have the highest specific heat 
that will be encountered on the earth’s 
surface. 


As radiation strikes the earth, it encoun- 
ters two principal types of surfaces, soil 
and water. Water, having a high specific 
heat, does not heat as rapidly as land. 
Therefore, summers in regions where there 
is a water or maritime influence are not as 
hot as summers in dry areas. Conversely, 
water does not lose its heat as rapidly as 
land because of its higher specific heat and 
because it heats to a greater depth. There- 
fore, winters in maritime regions are mild- 
er. This difference is apparent even from 
day to night. 


Some regions are affected more by the 
influence of water than others. For instance, 
the middle of the United States, or any 
other land mass of considerable size, is 
quite dry in relation to islands or coastal 
regions. 


Not only does the water itself tend to 
moderate temperature, but water vapor in 
the surrounding air also tends to prevent 
drastic temperature drops in the air. Water 
vapor in the air acts as a heat storage unit 
because of its high specific heat in relation 
to that of dry air (0.5 for water vapor and 
0.16 for dry air). 


HEAT EFFECT ON GASES. As heat works 
on the molecules of a substance, there is 
increased motion in molecules. In almost 
every substance this is reflected in an in- 
creased size and decreased density. Gases 
are no exception. As a matter of fact, this 
expanding function is much more pro- 
nounced in gases than in solids. 


Heat causes air to expand, which de- 
creases its density. Warm air becomes light 
and tends to rise. Warm, light, rising air 
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does not exert as much weight on the sur- 
face of the earth as does colder air, other 
factors being equal. Therefore, warm air 
exerts less pressure on the surface of the 
earth. The illustration demonstrates the 
effect of pressure differential over land and 
water areas. 


During the day, the land is warmer than 
the water. This causes the air over the land 
to heat and rise, creating a low pressure 
area over the land. Air rushes in from the 
relatively cool water regions to fill the low. 
As the wind blows from the water to the 
land, it is called an on-shore breeze. 


At night, the water is warm in relation 
to the land, and the resultant pressure dis- 
tribution is reversed. The wind tends to 
blow from land to water or off-shore. This 
same action can take place from summer 
to winter. 

In the case of the on-shore breeze, the 
air is moisture-laden as it comes from the 
water. The air is lifted and cooled by the 
convective action of the warm land, trigger- 
ing a possible shower. Conditions such as 
these around the area of India and Ceylon 
cause showers almost every afternoon in . 
the season of on-shore wind. The common 
term for these showers is monsoon, but this 
is a misnomer. The monsoon is not a shower 
of rain, but the effect of the land-sea breeze 
which brings the conditions for the rain. In 
the winter months, there is a dry monsoon 
blowing off-shore. 


The effect of temperature is not himited 
to any area in particular, but controls the 
overall pressure distribution of the world. 


VERTICAL DISTRIBUTION OF TEMPERATURE. 
As stated previously, the atmosphere, par- 
ticularly the troposphere, receives most of 
its heat from the earth. This heat is sup- 
plied to the atmosphere by the convection 
process and by the return to the atmosphere 
of the sun’s radiations. In each of these 
processes of heat transfer, the heat liber- 
ated in the atmosphere comes from or near 
the surface of the earth. Thus, the amount 
of heat that the atmosphere receives from 
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On-shore breeze — warm land has lower pressure due to heating, allowing cooler moist air to flow in from adjacent 
water areas on shore. 





Off-shore breeze — land, cooled by radiation, now has higher pressure than warmer water areas allowing 
air to flow off shore. 


Effects of Pressure Differential over Land and Water Areas 





the earth decreases with increasing alti- 
tude. Within the troposphere, the tempera- 
ture decreases with altitude at an average 
rate of 2°C per thousand feet. 


The coldest temperatures in the tropo- 
sphere occur in equatorial regions at the 
tropopause, the outer limit of the tropo- 
sphere. The average temperature at the 
tropopause in equatorial regions is —80°C, 
in contrast to an average of —50°C in 
polar regions. This statement may sound 
contradictory because surface temperatures 
in polar regions are colder than those in 
equatorial regions, and, therefore, they 
should decrease to lower values at the 
tropopause. This point is easily clarified by 
considering two important facts—first, the 
decrease of temperature with altitude 
ceases at the tropopause, and second, the 
troposphere is about five miles thicker (and 
the tropopause is five miles higher) in 
equatorial regions than in polar regions. 
Hence, the temperature has an additional 
five miles in which to decrease with altitude 
and can therefore reach lower values. 


The decrease of temperature with alti- 
tude does not continue into the stratosphere 
and ionosphere. Instead, the temperature 
either remains constant with increasing al- 
titude, or it increases with altitude, particu- 
larly in the upper stratosphere and upper 
lonosphere. The increase of temperature 
with altitude in the upper stratosphere is 
caused by the direct absorption of the sun’s 
radiation by ozone gas which is concen- 
trated in the region between 18 to 50 miles 
above the earth. Above 50 miles, in the 
region of the lower ionosphere where the 
ozone disappears, the temperature de- 
creases with height for a short distance and 
then increases again with altitude. This 
temperature increase in the upper iono- 
sphere is caused by the direct absorption of 
the sun’s radiation by ionized gases. 

Recent investigations indicate that an 
object will acquire a temperature of ap- 
proximately 4,000°F if exposed to direct 
solar radiation in regions of 250 miles or 
greater above the earth. 
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Temperature Lapse Rate. The rate at 
which temperature changes with altitude is 
called the temperature lapse rate. The tem- 
perature lapse rate varies with time and 
location. Likewise, it is not constant 
throughout layers of the atmosphere over 
a given location, and may decrease more 
rapidly with altitude in one layer of the 
troposphere than in another. 


Navigators usually are not concerned 
with the problem of determining the tem- 
perature lapse rate at a given location or 
along a flight route. This is the duty of the 
forecaster. However, it may be of interest 
to know that the existing temperature 
lapse rate to some extent determines the 
type, degree, and intensity of weather ele- 
ments such as precipitation, cloudiness, 
turbulence, fog, and wind, and also affects 
the performance of an aircraft and its 
instruments. 


Temperature Inversions in the Tropo- 
sphere. In the troposphere, the norma! de- 
crease of temperature with altitude may be 
reversed under certain conditions, and the 
temperature may actually increase with 
altitude. This is called a temperature inver- 
sion. Inversions may occur at the surface 
of the earth as well as within layers of the 
troposphere. A surface inversion is normal- 
ly produced by the advection (horizontal 
movement) of warm air over a colder sur- 
face or by rapid cooling at night (nocturnal 
cooling) of a layer of air lying directly next 
to the ground. 


Restrictions to visibility, such as fog, 
haze and smoke, as well as low stratus 
clouds, are generally associated with sur- 
face inversions. 


Inversions at higher levels within the 
troposphere are normally produced by the 
advection of warm air over cold air or of 
colder air under warmer air, or by air that 
is warmed by sinking (downward motion). 
There is usually some type of restriction to 
visibility, and little or no turbulence. 
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Stability 


In meteorology, the term stability refers 
to the ability of the atmosphere to help or 
hinder vertical displacement; that is, its 
ability to help or hinder the development 
of vertical air currents. For purposes of this 
manual, air is either stable or unstable. 


STABLE AIR. Stable air tends to remain 
at a given altitude, and if it is displaced 
vertically by some force, it tends to return 
to its original altitude. When air is stable, 
it tends to suppress vertical currents. Tur- 
bulence will not be encountered in stable 
layers of air; however, visibility is usually 
restricted. In layers where inversions exist, 
the air is stable. 


UNSTABLE AIR. When the vertical dis- 
placement of air results in a tendency of 
the air to continue its movement farther 
from its original altitude, the original con- 
dition is said to be unstable. Unstable air 
permits the development of vertical air 
currents; however, vertical air currents do 
not automatically develop in unstable air. 
Some external force or lifting action such 
as convection (caused by surface heating) 
or lifting over mountains (orographic lift- 
ing) must supply the initial motion. Weath- 
er elements such as thunderstorms, turbu- 
lence, hail, gusty surface winds, and 
showery precipitation are normally asso- 
ciated with unstable air. 


Pressure 


As stated previously, the temperature of 
the air determines its density. The density 
in turn determines the weight or pressure 
the atmosphere will exert on the surface of 
the earth. Since the pressure varies contin- 
uously at every location, it has been neces- 
sary to establish a standard pressure. This 
standard pressure for mean sea level, which 
may be thought of as an average value over 
a period of years, has been set at 29.92 in. 
Hg (inches of mercury). This means that 
the atmosphere will support a column of 


mercury 29.92 inches (760 mm) high when 
the temperature is 15°C at sea level. A 
pressure of 29.92 in. Hg is equivalent to 14.7 
pounds per square inch. This can also be 
expressed as a force in dynes. A dyne is 
the force required to produce an accelera- 
tion on one gram of one centimeter per 
second. The standard pressure of 29.92 in. 
Hg is equal to 1,013,250 dynes. 


In meteorology, pressure is measured by 
the thousands of dynes per square centime- 
ter. A pressure of 1000 dynes is equal to 
one millibar (mb), therefore, 1013.2 milli- 
bars is equivalent to 14.7 psi or 29.92 in. Hg. 


If one region has a higher atmospheric 
pressure than another, it is called a high 
pressure area. This does not mean more 
than 1013.2 millibars but implies a relative- 
ly higher pressure only. A low pressure 
area means an area of relatively low pres- 
sure. Following are some terms used to 
define areas of different pressure. 


high—A pressure system with relatively 
high pressure at its center. 


low—A pressure system with relatively 
low pressure at its center. 


ridge—High pressure area along a line. 
trough—Low pressure area along a line. 


col—Region of relatively low pressure 
between two highs or region of 
relatively high pressure _ be- 
tween two lows. 


isobar—Line of constant pressure. 


General Circulation 


The pressure distribution over the earth’s 
surface is a function of temperature. The 
first illustration shows the flow of air that 
would result if temperature differential 
were the only factor involved. The three 
cells are formed as a result of warm air 
rising and cold air descending. Where the 
warm air rises, there is an area of low 
pressure. Where the cold air descends, there 
is an area of high pressure. 





i) 





Flow of Air Resulting from 
Temperature Differential 


If the earth did not rotate on its axis, air 
would flow in a straight line directly from 
high to low pressure in an attempt to equal- 
ize the pressures. However, because the 
earth does rotate another force is intro- 
duced. This force, called Coriolis force, is an 
apparent force with a real deflection on any 
freely moving object. A complete explana- 
tion of Coriolis force is given in the Celestial 
Section of Volume II. The following sum- 
mary of the properties of Coriolis force will 
suffice for this discussion. 

Coriolis force: 


1. Is directly proportional to the straight 
line velocity of the freely moving ob- 
ject upon which it is acting. 


2. Is directly proportional to the latitude. 


3. Deflects an object to the right in the 
Northern Hemisphere. 


4. Deflects an object to the left in the 
Southern Hemisphere. 
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Bands of Wind on a Rotating Earth 


5. Acts at right angles to the direction 
of motion whatever the direction. 


6. Is of the same magnitude for a given 
latitude and velocity regardless of the 
direction. 


After applying the deflecting force of 
Coriolis, the air flow shown in the first illus- 
tration is changed to that shown in the il- 
lustration, Bands of Wind on a Rotating 
Earth. 


These belts of high and low pressure are 
broken up by differential heating of land 
and water, pressure gradient force (that 
force which causes the air to flow from high 
to low pressure), Coriolis force, and other 
smaller forces. The resulting pressure pat- 
terns are cells that tend to conform to the 
general patterns shown in the two illustra- 
tions of Prevailing Pressure Systems. This 
comparison of July and January pressure 
systems shows the seasonal changes of 
position of the semipermanent pressure 
systems. 
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Geostrophic Wind 


It has been stated that the atmosphere 
will try to regain a balanced condition 
whenever any disturbing influences are ex- 
erted upon it. Thus, as the sun’s energy 
acts to bring about an unequal distribu- 
tion of air mass over the earth’s surface, 
the atmosphere reacts to restore the equal 
distribution of that air mass. Since the 
sun’s rays are continuously affecting the 
atmosphere, the state of equilibrium is 
never reached. Atmospheric mass is always 
unequally distributed over the earth. 


PRESSURE GRADIENT FORCE: Atmospheric 
pressure will vary from point to point at 
the surface depending on the mass of air 
above the area considered. The difference 
In pressure per unit distance is known as 
the pressure gradient. 


200 NM 


1010 MB 990 MB 


PRESSURE GRADIENT —)-MB_ 
10 NM 
Pressure Gradient 


For example, the measured pressure at 
point A at sea level on the earth (Pressure 
Gradient diagram) is 1010 millibars. The 
pressure at point B, also at sea level, is 990 
millibars. The distance between A and B is 
200 miles. The pressure gradient is 20 milli- 
bars per 200 miles or 1 millibar per ten 
miles. 

Actually, the diagram indicates an area 
of relatively high pressure in the vicinity of 
A and an area of lower pressure at B. If 
lines are drawn connecting points of equal 
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pressure, we will have represented graphic- 
ally the pressure pattern or horizontal vari- 
ation in pressure over a geographical area. 
These lines which connect points of equal 
pressure are known as isobars. After such 
an analysis of the pressure in an area is 
accomplished, the pressure gradient is de- 
termined by measuring the perpendicular 
distance between the isobars (shown in the 
next diagram Isobars). If isobars are drawn 
at set intervals of pressure; eg., every 
three millibars, then it becomes obvious 
that the more closely packed the isobars, 
the greater the variation in pressure per 
unit distance, or the greater the pressure 
gradient. 


WIND 
1010 MB 990 MB 
HIGH 200 NM LOW 
PRESSURE PRESSURE 
ISOBARS 
lsobars 


But a given variation in pressure from 
point to point on the earth’s surface indi- 
cates a definite unequal distribution of at- 
mospheric mass. One area is influenced by 
an excess and another by a deficiency of 
mass. When such an inequality exists, the 
atmosphere will react in an effort to redis- 
tribute the air mass equally. 

Therefore, air will tend to move from an 
area of excess mass or high pressure to an 
area of deficiency of mass or low pressure. 
Thus, a force is exerted on the air asso- 
ciated with a “high” to move perpendicular 
to the isobars toward lower pressure. This 
force is known as the pressure gradient 
force (PGF) and is directly proportional to 
the variation in pressure per unit distance 
or pressure gradient. 
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Pressure Gradient Force (PGF) 


CORIOLIS EFFECT: It has been stated pre- 
viously that when a particle is moving free- 
ly above the earth, it will be deflected to the 
right of its path in the Northern Hemi- 
sphere (to the left in the Southern Hemi- 
sphere). The magnitude of the deflecting 
force is dependent upon the speed of the 
particle relative to the surface of the earth 
and the latitude at which the particle is 
moving. 


COMBINED EFFECT OF PGF AND CORIOLIS: 
As pressure gradient force induces a parcel 
of air at rest at A (diagram Pressure Gra- 
dient Force (PGF) to move perpendicular 
to the isobars toward lower pressure, Cori- 
olis force acts to deflect the parcel to the 
right. 

The moment the air parcel at point A is 
accelerated from zero velocity by pressure 
gradient force, Coriolis force acts to cause 
it to move along path AB rather than its 
original straight line of motion, AA’. Al- 
though at point B the pressure gradient 
force continues to act in the same direction 
and with the same magnitude, the speed of 
the parcel is now greater than before and 


the Coriolis effect upon it, therefore, will be 
increased. Coriolis force is now acting per- 
pendicular to the new line of motion, thus 
tending to decrease the accelerating effect 
of pressure gradient force and to deflect the 
parcel still farther to the right of its orig- 
inal line of motion. 

The air parcel continues to be accelerat- 
ed until, at point D, Coriolis force is acting 
with equal magnitude and directly opposite 
to the pressure gradient force. At this point 
no further deflection can occur because the 
deflecting force is exactly balanced by the 
accelerating force; Coriolis force is equal 
and opposite to pressure gradient force. 
Therefore, when horizontal motion is in- 
duced into the atmosphere by a pressure 
gradient force, Coriolis force will cause the 
resultant flow of air to be in a direction 
parallel to the isobars with lower pressure 
to the left. This is known as Buys-Ballot’s 
law. (See captioned diagram). Also, the 
speed of the air will be dependent upon the 
pressure gradient and the latitude. (The 
effect of latitude comes from the fact that 
Coriolis force is at a minimum at the equa- 
tor and at a maximum over the poles.) 
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Buys-Ballot’s Law 


The horizontal straight-line flow of air 
developed in the preceding paragraphs is 
known as_ geostrophic wind. Actually, 
straight line isobars are seldom encoun- 
tered in the atmosphere. The geostrophic 
wind, therefore, is considered to be a theo- 
retical condition, and is defined as ‘‘a theo- 
retical or mathematically calculated wind 
involving only pressure gradient force and 
Coriolis force.” 

Geostrophic wind results from the vec- 
torial equilibrium of pressure gradient force 
and Coriolis force (as shown in diagram 
Pressure Gradient Force (PGF). A _ geo- 
strophic wind computed for any pressure 
level above the range of ground friction 
effect will, therefore, be found by consider- 
ing the slope of the pressure surface (for 
gradient force) and latitude (since Coriolis 
force varies with latitude). The computa- 
tion assumes that contours (or isobars) are 
straight and parallel. Whenever this is ac- 
tually the case, the computed geostrophic 
wind will be the same as the gradient (true) 
wind. When the contours are curved, as 
they usually are, centrifugal force must be 
considered in finding a true wind—a some- 
what complicated process. However, with- 

out friction, the computed geostrophic wind 


will approximate the true wind closely 
enough for navigational needs in all lati- 
tudes greater than 20 degrees. Since its ef- 
fect can be found entirely by inflight infor- 
mation applied to a formula, it constitutes 
a valuable aid to the navigator. The use of 
this formula will be discussed in Chapter 5. 


The Gradient Wind 


It was pointed out earlier that the geo- 
strophic wind can only exist when the 
contours are straight and parallel. When 
the isobars are curved, the gradient wind, 
rather than the geostrophic wind, is the 
primary concern of the navigator. 


The gradient wind is defined as the actual 
wind which flows above the friction level. 
Although frictional effects are still exclud- 
ed, there is no assumption made that the 
isobars are straight and parallel. To see 
how the geostrophic wind, through the ef- 
fect of centrifugal force, becomes the gra- 
dient wind, assume that a_ geostrophic 
wind suddenly flows into a region where the 
isobars are curved cyclonically (the center 
of curvature is toward lower pressure). 


Initially, there will be a geostrophic con- 
dition. The geostrophic wind at the time it 
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Geostrophic Wind Flow (Cyclonic) 


enters this region of curved isobars is blow- 
ing parallel to them, with high pressure to 
the right of the direction of flow and with a 
velocity dependent upon the magnitude of 
the pressure gradient force at that latitude. 
(See first figure, Geostrophic Wind Flow 
(Cyclonic) .) 

After an interval of time, the wind at 
point A would be at point B. There would 
be a change in the direction of the pressure 
gradient force as shown in the next figure 
of the illustration. The resultant, R, be- 
tween the pressure gradient force and the 
Coriolis force would decrease the forward 
velocity of the wind; hence, it would also 
reduce the magnitude of the Coriolis force. 
With the Coriolis force decreased, pressure 
gradient would be the larger force, and the 
wind parcel at B would then begin to move 
in a curved path around the low pressure. 
center — the path of the parcel being a 
smooth curve. 


If the parcel of air is moving around the 
low pressure area in a curved path, one 
must consider the effect of centrifugal force 
brought about by virtue of the curvature. 
Since the vectorial representation of this 
effect is extremely complex, it will suffice 
for the purposes of this discussion to state 
that centrifugal force plus Coriolis force 
will equal pressure gradient force, and the 
system will again be balanced. When this 
final balance is achieved, the wind is again 
blowing parallel to the isobars, but at a 
velocity lower than that of the initial geo- 
strophic wind. The last figure of the illus- 
tration shows the final gradient wind bal- 
ance in an area of cyclonic curvature. In a 
concentrated low, centrifugal force may 
drop the actual wind a_ considerable 
amount. 


To understand the other case of the 
gradient wind, assume that a geostrophic 
wind suddenly flows into a region where the 
isobars are curved anticyclonically (the cen- 
ter of curvature is toward higher pressure). 
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Initially, there will be a geostrophic con- 
dition in which the wind is blowing parallel 
to the isobars with high pressure to the 
right of the direction of flow, as shown in 
the first figure of illustration, Geostrophic 
Wind Flow (Anticyclonic). In a given unit 
of time, this geostrophic wind will move 
from A to B as shown in the second figure 
of the illustration. 


At point B the pressure gradient force 
will veer, to remain perpendicular to the 
isobars, and a resultant, R, between pres- 
sure gradient force and Coriolis force will 
come into being. This resultant will tend to 
cause the wind to accelerate which, in turn, 
will cause the Coriolis force to increase. 
The system being unbalanced, the wind will 
tend to flow in a curved path in the direction 
of the stronger Coriolis force, or toward the 
center of high pressure. However, as soon 
as the air particle begins to follow a curved 
path, centrifugal force will act with pres- 
sure gradient force and the balance shown 
in the last figure is established. 


Again, the wind is flowing parallel to the 
isobars due to the balance of forces, but at 
a higher velocity than the original geo- 
strophic wind. 


The presentation of the gradient wind, 
and the manner in which it differs from the 
geostrophic wind, completes the discussion 
of wind and wind flow, with one exception. 


The one characteristic common to both 
the geostrophic and gradient winds is the 
direction of flow. In both cases, this flow 
has been parallel to the isobars. If this is 
true, how can high pressure areas dissipate, 
and low pressure areas fill? The situation is 
analogous to two barrels standing side by 
side: one full of water, and the other empty. 
If there is no pipe connecting the two bar- 
rels, there will be no flow of water from the 
one that is full to the one that is empty. 
All that is needed to start the water flowing 
is to connect the two barrels with a pipe. 
Friction between the high and low pressure 
areas is the atmospheric counterpart of the 


pipe. 
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Effects of Friction on Geostrophic Wind Balance 


Friction is directed 180 degrees to the 
path of motion of the moving body. Figure 
A of the illustration, Effect of Friction on 
Geostrophic Wind Balance, shows a typical 
geostrophic wind balance before it has been 
affected by friction. Figure B shows the 
condition of the same wind after it has been 
affected by friction. As soon as the geo- 
strophic wind is affected by friction, direct- 
ed 180 degrees to the path of motion, wind 
velocity is decreased. As would be expected, 
Coriolis force decreases proportionally, 
while the pressure gradient force remains 
unchanged. In accordance with the laws of 
physics, the air would tend to flow in the 
direction of the greater force. Pressure 
gradient force will equal the resultant of 
Coriolis force and friction. When this final 
balance is achieved (figure C), the wind is 
no longer flowing parallel to the isobars, 
but across them, from high toward low 
pressure. The angle of flow across the iso- 
bars will vary, depending on the nature of 
the terrain. Over rough mountains, this 
angle can be as great as 070 degrees, while 
over water, it averages about 010 degrees. 
As was stated earlier, this flow of air across 
the isobars, in the first 2000 feet of the 
atmosphere, supplies the connecting pipe 





between the full and empty barrels. Due to 
this frictional effect, air can flow from high 
pressure areas to low pressure areas thus 
balancing the air masses of the atmosphere. 


AIR MASSES AND FRONTS 


Air Masses 


The prevailing weather over a location at 
a given time depends on either the prevail- 
ing air mass or the interaction of two or 
more air masses. An air mass may be de- 
fined as a large body of air with character- 
istics which are approximately uniform in a 
horizontal plane. An air mass extends over 
a large area, usually a thousand or more 
miles across. The basic properties of an air 
mass are temperature and water vapor con- 
tent. The weather is usually uniform over 
an area covered by the same air mass; 
however, some modifications do occur be- 
cause of the local effects of mountains, val- 
leys, and large bodies of water. 


PROPERTIES OF AIR MASSES. An air mass 
is formed when a large mass of air remains 
over a uniform surface for an extended 
period of time. The properties of an air 
mass are determined largely by the surface 








over which it forms. A body of air that has 
more or less stagnated over a surface with 
relatively uniform horizontal moisture and 
temperature characteristics develops simi- 
lar characteristics. 


The regions where air masses are formed 
are called source regions. They are gener- 
ally regions of high pressure where the 
winds are relatively light. The source re- 
gion is the essential determining factor of 
the initial properties of the air mass. How- 
ever, air masses that form over the same 
source region at different times in the same 
season may develop different temperature 
and moisture characteristics, because these 
characteristics of the source region may 
vary during the season. The depth and 
properties that an air mass assumes depend 
on the length of time the mass remains 
over the source region. 
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CLASSIFICATION OF AIR MASSES. The clas- 
sification of air masses is based on two 
principal factors: (1) the geographical 
location of the source region, and (2) the 
stability of the air mass. On the basis of 
geographical location, the source region is 
classified either as polar or tropical. 


Location of Source Region. Cold air 
masses normally develop in stagnant high- 
pressure systems of the arctic and polar 
regions. The principal characteristics of 
cold air masses is the low temperature 
which they acquire over the source region. 

In the Northern Hemisphere, warm air 
masses normally develop in stagnant high- 
pressure systems over regions near 30 de- 
grees latitude. The principal characteristic 
of these air masses is the high temperature 
they acquire over the source regions. 





Trajectories of Air Masses into the United States 
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In addition to temperatures, the water 
vapor content of an air mass is also deter- 
mined by the geographical location of the 
source region. Air masses which originate 
over large bodies of water usually have a 
relatively large amount of water vapor in 
their lower layers. These are called moist 
air masses. On the other hand, air masses 
which originate over land areas are usually 
relatively dry, and are called dry air masses. 

According to this classification, there are 
four types of air masses—cold moist, warm 
moist, cold dry, and warm dry. The air 
masses develop these characteristics over 
source regions which impart these qualities. 
The captioned illustration shows trajector- 
ies of air masses into the United States. 


Stability. Stability, the second factor of 
classification, is particularly important 


when an air mass is moving away from a 
source region. An air mass which is colder 
than the surface over which it is moving 
becomes unstable in its lower levels because 










COLD 


of the heat it receives from the warmer 
surface; that is, it is heated from below. 
An air mass moving over a colder surface 
becomes stable in its lower levels because 
of the cooling effect of the colder surface; 
that is, it is cooled from below. 


Once these air masses leave the source 
regions, the most important modifying fac- 
tor will be the surfaces over which they 
move. 


Fronts 


When two or more air masses with dif- 
ferent properties and characteristics come 
in contact with each other, they do not mix 
to any great extent. Instead they are sep- 
arated by a zone of transition (zone of dis- 
continuity) called a front. A front is indi- 
cated on the weather map by a line. Notice 
how the air masses are separated by the 
front in the related illustration. The terms 
front and frontal surface are generally used 
to designate either the surface or upper 
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Moving Polar Front 


position of the transition zone. When pass- 
ing through a front, the change from the 
properties and characteristics of one air 
mass to those of the other is sometimes 
quite abrupt. This is particularly true in the 
case of narrow, sharp transition zones. 

The polar regions are dominated by cold 
air masses. The tropics are dominated by 
warm air masses. In the middle latitudes 
cold and warm air masses continually in- 
teract with each other, the cold air moving 
southward and the warm air moving north- 
ward. The zone which separates these air 
masses is called the polar front and is the 
main zone of discontinuity in each hemi- 
sphere. 

The dome of cold air which caps the top 
of the earth frequently spreads out and ad- 
vances southward to replace the tropical 


air; on other occasions it retreats north- 
ward ahead of the advancing warm air. The 
position of this dome of cold air is shown in 
the illustration, Moving Polar Front. Thus, 
the polar front may be moving southward 
in one region and northward in an adjacent 
region and may appear in a _ wave-like 
manner. The polar front, which is observed 
most frequently in the temperate zone, may 
move into the tropics in winter when the 
cold air masses are dominant. However, in 
summer, when the warm air masses are 
dominant, it may move as far north as 60 
degrees. 


THE FRONTAL SLOPE: Since the air mass- 
es separated by a front have different 
temperature characteristics, they also have 
different densities. Frontal surfaces are 
sloped or inclined to the earth’s surface in 
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such a manner that the warmer, less dense 
air slides over the colder, more dense air. 
The angle of inclination (slope) between 
‘ the frontal surface and the earth’s surface 
is greater with cold fronts than with warm 
fronts. This angle is always measured in the 
cold air mass of a frontal system. 


The vertical extent of a front is variable, 
and it frequently extends to the tropopause. 


DISCONTINUITIES ACROSS FRONTS: The 
discontinuity in air mass properties and 
characteristics, such as temperature, water 
vapor content, winds, clouds, and pressure 
change, are used by forecasters to locate, 
identify, and track fronts. This section will 
briefly discuss the discontinuities in tem- 
perature and winds which are noticeable to 
the navigator when flying through fronts. 
Frontal clouds and weather hazards are 
discussed later in the chapter. 


Wind: Near the earth’s surface the dis- 
continuity of wind across a front primarily 
concerns the direction of the wind. In the 
Northern Hemisphere the following rule of 
thumb is applicable to both warm and cold 
fronts. Whenever you fly through a front 
from any direction, the wind shift requires 
that you make a correction in heading to 
the right in order to maintain the original 
ground track. 


Wind speed is not necessarily discontinu- 
ous across a front. In many cases, however, 
the wind speed increases abruptly after the 
passage of a cold front and decreases 
after the passage of a warm front. As a 
general rule, wind speed is greater in the 
colder air mass. 


Temperature: One of the most apparent 
and easily recognized discontinuities across 
a frontal surface is temperature. At the 
earth’s surface, the passage of a front is 
characterized by a noticeable change in 
temperature. The rate and amount of 
change in temperature indicate to some de- 
gree the intensity of the front. Strong or 
sharp fronts are accompanied by abrupt 
and sizable temperature changes, while 
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weak or diffuse fronts are characterized by 
gradual and minor changes in temperature. 


A noticeable change in temperature also 
occurs at flight altitude, particularly when 
the flight is perpendicular to the front. The 
change in temperature should occur in a 
short period of time or in a short distance 
and is usually more pronounced at lower 
altitudes than at higher altitudes. This tem- 
perature change at flight altitude while fly- 
ing through a front is, of course, more pro- 
nounced and limited in distance than the 
gradual change in temperature observed on 
flights within an air mass. 


STRUCTURE OF FRONTS: The weather as- 
sociated with fronts and frontal movements 
is called frontal weather. The type and in- 
tensity of frontal weather is determined 
largely by such factors as the slope of the 
front, the water vapor content, stability of 
the air masses, and the speed of frontal 
movement. Because of the variability of 
these factors, the frontal weather may 
range from a minor wind shift with no 
clouds or other visible weather activity, to 
severe thunderstorms accompanied by low 
clouds, poor visibility, hail, severe turbu- 
lence, and heavy icing conditions. In addi- 
tion, the weather associated with one sec- 
tion of a front is frequently quite different 
from that in other sections of the same 
front. 


The Warm Fronts: Warm fronts move 
at relatively slow speeds and usually have 
gentle slopes. The speed of the advancing 
warm air perpendicular to the front is 
greater than that of the retreating cold air. 
Thus, the warm air not only replaces the 
cold air at the surface, but also slides up 
over it along the frontal slope as shown in 
the illustration, Warm Front. This active 
upglide or overrunning produces a cloud 
system which may extend up to 1000 miles 
in advance of the surface position of the 
front. The clouds associated with the warm 
front are predominantly stratiform and ap- 
pear in the following sequence with the ap- 
proach of the front—cirrus and cirrostratus 
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Warm Front 


(high), altostratus (medium), and nimbo- 
stratus (low). The bases of the clouds are 
very low near the surface position of the 
front and gradually rise up the frontal 
slope to heights in excess of 20,000 feet. 
The cirrus and cirrostratus clouds can be ob- 
served hundreds of miles in advance of the 
front. These clouds thicken rapidly, and, as 
their bases gradually lower with the ap- 
proach of the front, they become alto- 
stratus, usually up to 500 miles ahead of the 
front. Precipitation may begin to fall from 
the altostratus clouds. 


Visibility is usually good under the alto- 
stratus and cirrus clouds; however, it de- 
creases rapidly in the precipitation area. 
Furthermore, when the cold air is stable, 
an extensive fog area may develop ahead of 


the front, and visibility becomes extremely 


poor in this area. 


When the overrunning warm air is 
moist and stable, nimbostratus clouds with 
continuous light precipitation can be ob- 
served up to 300 miles ahead of the front. 
The bases of the clouds lower rapidly as 
additional clouds form in the cold air under 
the frontal surface. These additional clouds 
which form in the cold air are stratus clouds 


when the cold air mass is stable, but are 
stratocumulus clouds when the cold air 
mass is unstable. 


When the overrunning warm air is moist 
and unstable, cumulus and cumulonimbus 
clouds with thunderstorms are frequently 
imbedded in the nimbostratus and altostra- 
tus clouds and may not be visible. In such 
cases, heavy rainshowers occur along with 
the continuous light precipitation. 


When the overrunning warm air is dry, it 
must ascend to relatively high altitudes be- 
fore condensation occurs. In such cases only 
high and middle clouds are present. 


At the surface, the passage of a warm dry 
front is characterized by a wind shift, a 
temperature increase, a rapid improvement 
of visibility, and a rapid dissipation of pre- 
cipitation and cloudiness. However, when 
the warm air is moist, clouds and poor visi- 
bility may persist for some time after the 
frontal passage. 


Cold Fronts: Cold fronts usually move 
faster and have a steeper slope than warm 
fronts. The cold fronts that move very 
rapidly have very steep slopes and narrow 
bands of clouds which are predominantly 
ahead of the front. The slower moving cold 
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Slow Moving Cold Front 


fronts have less steep slopes and cloud 
systems which may extend far to the rear 
of the surface position of the fronts. 

When the warm air involved in this type 
of front is moist and stable, as shown in 
the illustration, Slow Moving Cold Front, 
the clouds are predominantly stratiform 
(nimbostratus, altostratus, and cirrostra- 
tus) with moderate precipitation. However, 
when the warm air is moist and unstable, 
the clouds are predominantly cumuliform. 
A line of thunderstorms (squall line) fre- 
quently develops along, or some distance 
ahead of, fast-moving cold fronts which are 
replacing warm moist unstable air. This 
condition is shown in the illustration, Fast 
Moving Cold Front. However, little or no 
cloudiness is associated with cold fronts 
when the warm air is very dry. 

When the cold air behind the front is 
moist and stable, a deck of stratus clouds 
and/or fog may persist for some time after 
the frontal passage. Likewise, when the 
cold air is moist and unstable, cumulus 
clouds and showers may occur for some 
time after the frontal passage. Generally, 
clouds will not be observed outside of pre- 
cipitation areas when the cold air mass is 
very dry. 


1-24 





At the surface, a cold frontal passage is 
characterized by a temperature decrease, a 
wind shift, and on occasion gusty winds. 

Although the weather associated with 
cold fronts is generally concentrated in a 
narrower band than that associated with 
warm fronts, it presents more serious flying 
hazards. If a line of thunderstorms occurs 
with a cold front, it presents a particular 
problem to the navigator who will normally 
direct the penetration. 

The navigator is of prime importance in 
directing cold front penetrations, particu- 
larly if he has a radar set. Although in 
many cases the frontal clouds may appear 
to be one solid wall of thunderstorms, in 
reality they are a series of violently active 
cells, masked and linked together by other 
clouds of little or no turbulent activity. The 
cells of activity give a bright return on a 
radarscope and indicate areas to be avoided. 

When penetrating, the navigator should 
head the aircraft 90 degrees to the line of 
the storms and fly straight through the area 
that appears darkest on the radarscope. By 
flying perpendicular to the storm line, the 
plane will be in weather the least amount 
of time. 
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Fast Moving Cold Front 


Before making a penetration, however, 
the navigator should look the situation over. 
Many times it is possible to avoid the clouds 
by flying through a break in them or going 
over a saddle-back. If quite sure of the 
nature of the terrain, it is often possible to 
fly between the rain areas under the cloud 
bases. In mountainous terrain, this should 
never be attempted unless the pilot can see 
the valleys and peaks. 


After passing through the front, the nav- 
igator must watch the temperature gage 
and the D-readings to determine when the 
aircraft is in the new air mass. He must 
also locate a spot wind to establish the new 
heading, for there is usually a pronounced 
wind shift. 


To summarize the navigator’s duties in 
frontal penetration, they are: 


(1) To get an accurate position prior to 
penetration. 


(2) To examine the cloud condition, try 
to find weak spots. 


(3) To go over, under, or around if pos- 
sible. 


(4) If flying through, to go through per- 
pendicular to the front. 


(5) To watch the temperature for dras- 
tic changes to indicate transition from one 
air mass to another. 


(6) To get a spot wind to determine new 
headings. 


Stationary Fronts: On occasion, both 
warm and cold fronts gradually lose their 
speed and for a period of time have no mo- 
tion. During this retarded period they are 
called stationary fronts. The slope, cloud 
sequence, and weather associated with sta- 
tionary fronts are the same as those asso- 
ciated with a weak warm front. 


Occluded Fronts: Fronts frequently have 
bends or waves in them and move in such a 
fashion that the cold air is retreating ahead 
of a warm front in one section and advanc- 
ing behind a cold front in an adjacent sec- 
tion. When the cold front section moves 
faster than the warm front section, it even- 
tually overtakes the warm front. The warm 
air mass between the fronts is lifted above 
the surface by the two colder air masses as 
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shown in the illustration, Cold Occlusion. 
The resulting front is called an occluded 
front or an occlusion. There are two types 
of occlusions, the warm front type and the 
cold front type. Severe weather will occur 
in an occlusion at the apex where the cold 
front has overtaken the warm front at the 


surface. 





Cold Occlusion 


WARM AIR 
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Idealized cross section through A-B showing 
frontal slope and warm front forced aloft. 
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Frontal Waves and Cyclones 


Frontal waves and cyclones (lows) are 
primarily the result of the interaction be- 
tween two or more air masses, and usually 
form along slow-moving cold fronts or along 
stationary fronts. In such cases, the wind 
on either side of the front blows parallel to 
it as illustrated in figure A of the referenced 
illustration. 

Activities caused by local heating (con- 
vection) or irregular terrain frequently dis- 
turb this wind flow and produce a counter- 
clockwise (cyclonic) circulation. A _ section 
of the front now moves as a warm front 
while the other section moves as a cold 
front. The point of intersection of the fronts 
(where the front bends) is called a frontal 
wave. Look at the position of the isobar in 
figure B. 


As the development of the wave contin- 
ues, the cyclonic circulation becomes more 
vigorous and an area of low pressure de- 
velops around the frontal wave. This situa- 
tion is shown in figure C. The components 
of wind perpendicular to the fronts are now 
strong enough to move the fronts; then, as 
the cyclonic activity increases and the area 
of low pressure intensifies, the cold front 
overtakes the warm front to form an oc- 
clusion. Now look at the position of the 
fronts in figure D. 

The wave or cyclone reaches its maxi- 
mum intensity when the occlusion starts to 
form. Later the cyclonic circulation dimin- 
ishes and the low pressure area weakens. A 
new frontal wave, figure E, frequently 
forms on the trailing edge of the cold front 
as the old cyclone weakens. Occlusion type 
cloud systems, precipitation, icing, and tur- 
bulence are generally associated with ma- 
ture frontal waves (cyclones). 


JET STREAMS 


Little was known about jet streams prior 
to World War II, although the theory on 
which jet streams are based had been pub- 
lished as early as 1935. At that time little 
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could be done to prove the theory, since 
weather information at altitudes where jet 
streams are encountered was exceedingly 
scarce. Few aircraft flew above 20,000 feet, 
and the tracking of sounding balloons by 
optics seldom was consistent above 25,000 
feet. Things remained thus until the high 
altitude bombing raids of World War II 
commenced. 


Then aircraft began to encounter strong 
narrow wind bands presently called jet 
streams. For instance, on March 24-25, the 
RAF raid on Berlin showed some strange 
behavior on the part of the attacking air- 
craft. One found itself over Leipzig on its 
ETA for Berlin and had to fly north arriving 
a half hour late over the target. Another 
plane, which missed Berlin completely, was 
over Paris when it should have been over its 
control point over southern England. A later 
check on the German upper air charts 
showed a strong jet stream over western 
Europe at the time of the raid. 


The hemispheric scope of these jet 
streams was confirmed by the _ trouble 
bomber crews had with excessively strong 
winds over Japan. Groundspeeds dropped to 
near zero on the run into the target and 
jumped to twice the true airspeed when 
leaving the target. The common assumption 
was that the winds were the result of faulty 
navigation and the bombs off the target 
were due to various mechanical malfunc- 
tions. As reports of these phenomenal winds 
became increasingly frequent, investiga- 
tions were started which led to the discov- 
ery of jet streams existing over this area 
as well as over Europe. 


The following occurrence illustrates the 
importance of knowing when a jet stream 
may be encountered. In 1948, five F-80’s, 
flying from Langley Air Force Base to 
Barksdale Air Force Base and not briefed 
concerning the presence of a jet stream, 
encountered one as a headwind at 38,000 
feet. The result was that three of the air- 
craft used all of their fuel and the pilots 
bailed out; two managed to land at Shaw 


Air Force Base. They estimated their jet 
headwind at 288 knots. 


Speed records have been made possible 
through the use of the jet stream as a tail 
or helping wind. So, keep in mind that a jet 
stream can be the navigator’s greatest aid 
as well as his worse obstacle. 


The jet stream is not an occasional atmo- 
spheric freak, but an ever present and 
varying component of the general circula- 
tion of the atmosphere. A brief look at 
wind systems in general shows that winds 
are nature’s method of distributing heat. 
Most of the earth’s heat is received in the 
lower latitudes; winds distribute it to all 
parts of the globe. 

Wind systems fit into regular patterns, 
both on the surface and aloft. Surface 
winds form three zones of circulation in 
each hemisphere. From the equator to 30 
degrees the predominant flow is the north- 
east trade winds. The belt of westerlies 
extends from near 30 degrees to about 60 
degrees. From near 60 degrees to the poles 
the predominant winds are the polar east- 
erlies. These great wind systems are sepa- 
rated by narrow bands of calm or light 
variable winds. Surface winds illustrates 
these different systems in the Northern 
Hemisphere. 
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High altitude winds move in a somewhat 
different pattern. From 10,000 feet to 
40,000 feet, the general circulation is west- 
erly over the earth. The velocity of the 
wind increases with altitude so that the 
winds at 40,000 feet are usually about four 
times as strong as the winds at 10,000 feet. 
The westerly winds aloft increase gradually 
in velocity from the poles to about 30 de- 
grees, where they attain peak strength. 
From 30 degrees to the equator their speed 
falls off rapidly. Near the equator the west- 
erlies reverse and become light easterly 
winds. 


The jet stream is closely associated with 
the peak strength of the westerlies and is 
a vital part of the circulation. By definition 
the jet stream is a narrow stream of rapidly 
moving air embedded in the already fast 
moving westerlies. The fact that jet streams 
are an integral part of the westerlies does 
not mean that a jet stream is always a west 
wind. Observations have shown that al- 
though it is predominantly a west wind, it 
is frequently observed from a north or 
south direction. 
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The Polar Front 


Since there is a correlation between jet 
streams and cold fronts, a brief review of 
cold fronts will give some information on 
where jet stream activity can be expected. 
Cold fronts are separated into two broad 
classifications. First, the migratory cold 
fronts which move through the midlatitude 
areas. These fronts, when strong enough, 
can indicate jet stream activity. Jet streams 
of this type are usually small and localized. 


The second classification of cold fronts is 
the permanent type. An example of the per- 
manent type is the polar front. As the sun 
moves north of the equator in the summer, 
the polar front recedes northward; in the 
winte: the process is reversed and it moves 
southward as the sun goes below the equa- 
tor. Since temperature varies most over 
large land masses from the summer to 
winter, the polar front is strongest and has 
its greatest latitudinal movement over large 
continents. Over oceans where the tempera- 
ture is more constant, the polar front weak- 
ens and has little latitudinal movement. The 
major jet stream lies along the polar front, 
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following the tropopause fracture but lying 
beneath the tropical tropopause in the warm 
air as shown in the related illustration. Like 
the polar front, the jet stream is strongest 
over land and weakens over the oceans. It 
reaches its peak strength along the east 
coast of continents during winter. 


Scope of the Jet Stream 


There has been some debate regarding 
the scope of the term jet stream. It was 
first assumed that an upper air wind above 
60 knots was jet stream activity. This 
failed to conform with the narrow band of 
high winds called the jet streams. Often 
winds of high velocity are found in the 
westerlies which extend over wide areas. 

One method of defining the boundary of 
a jet stream makes use of the wind shear 
across the stream. It states that the boun- 
dary is that distance out of the center or 
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core where the wind speed decreases by 
half. This may not consider all possibilities, 
but it does furnish a common basis for dis- 
cussing the jet stream. 

Wind speeds change rapidly across a jet 
stream. This makes it difficult for the navi- 
gator to check doubtful winds and calls for 
rapid and accurate wind runs. Past observa- 
tions have shown that the temperature will 
change considerably across a jet stream. A 
navigator can make use of such tempera- 
ture changes to appraise an _ unusually 
strong wind. The appearance of both high 
wind speeds and temperature changes si- 
multaneously would indicate to the naviga- 
tor that he has entered a jet stream. 

Examples of the wind shear through a 
typical jet stream (see illustration, Wind 
Shear Through Jet Stream) would be a 100- 
knot change in speed while descending 
12,000 feet from the core, or 130 knots per 
10,000 feet in ascending. Horizontally 
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through the jet, the shear varies consider- 
ably from the polar side to the tropical side; 
50 knots per 50 nautical miles on the 
polar side and 50 knots per 150 nautical 
miles on the tropical side. (See illustraton, 
Cross Section of Jet Stream.) 


If the jet stream ig encountered as a 
headwind and it is not possible to climb or 
descend, the best course for leaving the jet 
stream is to alter 090 degrees to the direc- 
tion of the wind, and toward the polar side. 
The polar air will be to the right in the 
Northern Hemisphere and to the left in the 
Southern Hemisphere. If encountering the 
jet as a headwind, usually a great saving in 
time can be made by going off course and 
flying parallel to the intended track outside 
of the jet stream. If the jet stream is a 
crosswind, the best policy is to fly across 
without correcting for drift, thus crossing 
as rapidly as possible. 

Jet streams vary considerably in dimen- 
sion. Again only approximate figures can be 
cited. They are from 50 to 350 nautical 
miles in width and range from 5,000 to 
20,000 feet thick, top to bottom. In length 
they vary from 500 to several thousand 
miles long. Theoretically, a well developed 
jet stream may extend around the entire 


Northern Hemisphere. In most cases, how- 
ever, they become weak in mid-ocean and 
spread out until they are difficult to locate. 
In velocity, they may range from 60 knots 
to 290 knots or higher, being strongest 
along the east coast of Asia. 

Jet streams have day to day movements 
caused by local conditions as well as larger 
movements dependent upon season. In sum- 
mer, as the sun moves north of the equator, 
the jet stream usually ranges from 55°N to 
40°N. Conversely, in winter the jet ad- 
vances southward, becomes more clearly 
defined, and increases in intensity, with 
wind speeds about double those of the 
summertime. Its range in winter is from 
45°N to 20°N. This is shown in the illustra- 
tion, Seasonal Location of Jet Stream. 

The jet stream does not confine itself to 
a single level of the atmosphere but changes 
altitude as it moves southward. As seen on 
a constant pressure chart (giving a plane 
view), it seems to disappear on the lower 
one and reappear on the next higher chart. 
Also, jet streams are not uniform in their 
dimensions; at some spots they may be 300 
nautical miles wide and 20,000 feet thick, 
while the same jet stream farther on may 
only be 100 nautical miles wide and 15,000 
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WINTER. Vertical cross section of northern hemisphere 
average wind speeds, wind directions and tropopause 
height lines of equal wind speed in knots. 
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SUMMER. Vertical cross section of the northern hem- 
isphere average wind speeds, wind directions and 
tropopause height, line of equal wind speed in knots. 


80,000 






















70,000 


60,000 


50,000 


40,000 


30,000 Fe 


20,000 


10,000 





ALTITUDE IN 
FEET ASL 


NORTH POLE 


EQUATOR 


Seasonal Location of Jet Stream 


feet thick. Therefore, the navigator should 
always check the preflight jet stream infor- 
mation carefully to determine any such 
areas, either in existence or forecast. 


Clouds may or may not be associated with 
the jet stream. A good indication of strong 
winds aloft are cirrostratus and cirrus 
clouds which are very streaked and drawn 
out for long distances. 


Clear Air Turbulence (Clear Air Gusts) 


With the increased trend toward high- 
altitude flying, both meteorologists and air- 
crews have become aware that turbulence 
in clear air can occur in the high troposphere 
as well as in the low levels. Observations 
reveal that the optimum level for the oc- 
currence of turbulence is about 35,000 feet 
in middle latitudes, roughly the height of 
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the tropopause. However, numerous cases 
have been reported at both much higher 
and lower levels. Turbulence exists most 
frequently in shallow layers less than 500 
feet thick, but turbulent layers more than 
6,000 feet in thickness have been observed 
on several occasions. Severity is compara- 
ble with the turbulence experienced in non- 
precipitating cumuliform clouds. 

Turbulence affects an aircraft as irregu- 
lar vibration and has been described as 
similar to that experienced by driving a car 
down a smooth highway at 50 miles per 
hour and then suddenly running onto a dirt 
road full of ruts. 

Many of the cases of clear air turbulence 
observed were associated with jet streams. 
Of 92 severe cases observed over or near 
Great Britain, 67 percent were encountered 


















near jet streams. In the United States, all 
cases of moderate or severe clear air turbu- 
lence studied by United Air Lines occurred 
along or near the periphery of cold lows or 
near jet streams. 


Implications for the Navigator 


The occurrence, structure, movements, 
and general features of the jet stream have 
been discussed. The significance of the jet 
stream from the standpoint of navigation is 
obvious. The jet stream can be an aid or an 
obstacle to the navigator. His first problem 
is to locate the jet stream, his second is 
how to get in or out of it, and his third 
is how to recognize when the aircraft is in 
it. In meeting any of these problems, there 
is absolutely no substitute for a thorough 
preflight and weather briefing. If he has 
been advised of the most probable location 
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of the jet stream in a complete weather 
briefing, the navigator can be forewarned 
as to the direction of flow, the altitude, and 
the probable strength of the jet stream. He 
can then use one of several techniques for 
finding his way into or avoiding the jet 
stream. 

To the south of the zone of maximum 
wind (the tropical air side), the tempera- 
ture change is about 2°C per degree of 
latitude. To the north (the polar air side), 
there is a very sharp temperature drop, 
about 4°C in one half degree of latitude. 
This very sharp drop of temperature de- 
notes the frontal zone at this altitude. Nor- 
mally, within the region of maximum 
wind, the temperature is approximately 
3°C above the standard for that level. 


The temperature-wind relationship about 
a jet stream is illustrated. The solid lines 





| Temperature- Wind Relationship 
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represent the isotach (equal windspeed) 
pattern and the dashed lines represent the 
isotherm (equal temperature) pattern. 

After locating the zone of maximum 
winds, the navigator may wish to remain in 
it. If the aircraft is equipped with an accu- 
rate thermometer, the temperature changes 
will be very apparent. However, the D-value 
is also used as an aid for locating the jet 
stream and remaining in it. Across the zone 
of maximum winds, the D-value decreases 
very rapidly toward the cold air and in- 
creases very rapidly toward the warm air. 
A navigator crossing a jet stream at right 
angles from the warm air side would ob- 
serve a nearly constant outside temperature 
until he penetrates the polar air mass, and 
then he would observe a very rapid de- 
crease in D-value. A navigator flying direct- 
ly with or against a jet stream would ob- 
serve a nearly constant outside temperature 
and a constant D-value. The D-value can 
be used to locate the zone of maximum 
winds if an aircraft is not equipped with an 
accurate thermometer, but the best results 
can be obtained if both parameters are used. 

To cross a jet stream in the least amount 
of time, it is best to enter at 90 degrees to 
the wind flow and to drift with the wind. 
The crab into the wind needed to maintain 
track across the jet stream is so large that 
the groundspeed would be greatly reduced. 

In deciding how to conduct a flight along 
a route on which an encounter with a jet 
stream is expected, the navigator will find 
it a great help to plan a minimal flight path. 
In some cases this is the only safe proce- 
dure. 

The navigator in a bombardment type 
aircraft will find the bombing problem seri- 
ously affected by the jet stream. All bomb- 
ing devices must solve for the bomb release 
point on the basis of the wind affecting the 
aircraft. If the bomb drops into a wind 
vastly different from that at flight altitude 
(in other words, the bomb falls out of a jet 
stream), the computed ballistics will be 
wrong. To offset this problem, ballistic ta- 
bles have been developed that are based on 
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a “Q” factor. This “Q” factor is computed 
by meteorologists and is based on a quan- 
tity known as the differential ballistic wind. 
This again is an item given in a thorough 
weather briefing and preflight of a mission 
affected by a jet stream. 

A forecast of where the jet stream will 
be encountered is of great assistance in 
recognizing it while in flight. Rapid fixing 
of the position of the aircraft will detect 
the presence of the jet stream, but this in 
itself does not provide a satisfactory tech- 
nique for utilizing or avoiding it. Successful 
flight in a jet stream is more likely to be 
accomplished if the navigator understands 
the relationship between the temperature 
distribution and winds, and develops navi- 
gational procedures to utilize this rela- 
tionship. 

The effect of clear air turbulence on the 
aircraft is of interest to all crew members. 
There are several potential hazards asso- 
ciated with this phenomenon. The strength 
of a gust can be such that it causes struc- 
tural damage to the aircraft by exceeding 
the “G” limits. The irregular vibrations in- 
duced in the aircraft can make steering 
instruments erroneous, and make the air- 
craft too rough for the navigator to do 
accurate work. 


The frequency of the gusts causing the 
turbulence can be in resonance with the 
frequency of oscillation of the aircraft wing. 
This is not a common occurrence, but it can 
be very hazardous. It can cause the ampli- 
tude of oscillation of the wings to increase 
until the wings collapse without even ap- 
proaching the “G” limits. This is the same 
principle as marching a body of troops 
across a bridge in step. The B-47 has 16 
feet of permissible oscillation at its wing 
tips and there have been instances where 
11-foot oscillations have been built up due 
to this resonance. The remedial action for 
this situation is to climb or descend out of: 
the turbulence if possible. If this is not pos- 
sible, a change in airspeed will destroy the 
resonance. 

















Earth and Its 


Coordinates 


Any purposeful movement in the universe 
ultimately involves an intention to proceed 
to a definite point, and navigation is the 
science (or art) of proceeding in such a 
manner as to arrive at that point. Air navi- 
gation is defined as ‘‘the art of determining 
the geographical position, and maintaining 
desired direction, of an aircraft relative to 
the earth’s surface.” It should be further 
stated that air navigation, as differing from 
sea or naval navigation, involves movement 
above the earth’s surface—within or beyond 
the atmosphere. 


Certain terms, which could be called the 
dimensions of navigation, deserve immedi- 
ate definition: 


Position is a point defined by stated or 
implied coordinates. Though frequently 
qualified by such adjectives as “estimated,” 
“dead reckoning,” “no wind,” and so forth, 
the word “position” always refers to some 
place that can be identified. It is obvious 
that a navigator must know his position in 
order to direct the aircraft to another posi- 
tion or in another direction. 

Direction is the position of one point in 
space relative to another without reference 
to the distance between them. Direction is 
not in itself an angle, but it is often meas- 
ured in terms of its angular distance from 
a reference direction. 


Distance is the spatial separation between 
two points and is measured by the length 
of a line joining them. On a plane surface, 
this is a simple enough problem. However, 
consider distance on a sphere, where the 
separation between points may be expressed 
as a variety of curves. It is essential that 
the navigator decide exactly “how” the dis- 
tance is to be measured. The length of the 
line, once the path or direction of the line 
has been determined, can be expressed in 
various units; e.g., miles, yards, and so 
forth. 


Time may be defined in many ways, but 
those definitions used in navigation consist 
mainly of two: (1) the hour of the day and 
(2) an elapsed interval. 


The methods of expressing position, di- 
rection, distance, and time will be covered 
fully in appropriate chapters. It is desirable 
at this time to emphasize that these terms, 
and others similar to them, represent defi- 
nite quantities or conditions which may be 
measured in several different ways (e.g., an 
aircraft may be at a certain latitude and 
longitude, and may also be positioned as 
being 10 miles south of a certain city). The 
study of navigation demands the learning 
of how to measure quantities such as those 
just defined and how to apply the units by 
which they are expressed. 
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EARTH’S SIZE AND SHAPE 


For most navigational purposes, the earth 
is assumed to be a perfect sphere, although 
in reality it is not. Inspection of the earth’s 
crust reveals that there is a height varia- 
tion of approximately 12 miles from the top 
of the tallest mountain to the bottom of the 
deepest point in the ocean. Smaller varia- 
tions in the surface (valleys, mountains, 
oceans, etc.) cause an irregular appearance. 

Measured at the equator, the earth is 
approximately 6,887.91 nautical miles in 
diameter, while the polar diameter is ap- 
proximately 6,864.57 nautical miles. The 
difference in these diameters is 23.34 
nautical miles, and this difference may be 
used to express the ellipticity of the earth. 
It is sometimes expressed as a ratio be- 
tween the difference and the equatorial 
diameter : 


23.34 1 
6,887.91 295 


Since the equatorial diameter exceeds the 
polar diameter by only 1 part in 295, the 
earth is very nearly spherical. A symmetri- 
cal body having the same dimensions as the 
earth, but with a smooth surface, is called 
an oblate spheroid. 

The new Hough ellipsoid used in the 
study of Inertial Navigation Systems has a 
polar diameter of 12,713,588.686 meters 
(6,864.788 International nautical miles) and 
an equatorial diameter of 12,756,540.000 
meters (6,887.980 International nautical 
miles). The difference in these diameters is 
23.192 nautical miles. 


Ellipticity = 


23.192 1 1 
6887.980 296.99 297 


Consider the illustration where P,, E, P., and 
W represent the surface of the earth, and P,P, 
is the axis of rotation, being in the plane of the 
paper. The earth’s rotation is such that all 
points in the hemisphere P,, W, P. approach the 
reader, while those in the opposite hemisphere 
recede from him. The circumference WE is 


Ellipticity is therefore ——-——— 
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Schematic Representation of Earth 
Showing Axis of Rotation and Equator 


called the equator, which is defined as that circle 
on the surface of the earth whose plane passes 
through the center of the earth and is perpen- 
dicular to the axis of rotation. 


Great Circles and Small Circles 


The great circle is defined as a circle on 
the surface of a sphere whose center and 
radius are those of the sphere itself. It is 
the largest circle that can be drawn on the 
sphere; it is the intersection with the sur- 
face of the earth of any plane passed 
through the center. 

The arc of a great circle is the shortest _ 
distance between two points on a sphere, 
just as a straight line is the shortest dis- 
tance between two points on a plane. On any 
sphere, an infinitely large number of great 
circles may be drawn through any point, 
though only one great circle may be drawn 
through any two points that are not dia- 
metrically opposite. Several great circles 
are shown. 

Circles on the surface of the sphere other 
than great circles may be defined as small 
circles. A small circle is a circle on the 











surface of the earth whose center and/or 
radius are not that of the sphere. A special 
set of small circles, called latitude, will be 
discussed later. 








GREAT CIRCLES 


SMALL CIRCLE 





A Great Circle , z F 
is the Largest Circle + 
on a Sphere 
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In summary, the intersection of a sphere 
and a plane is a circle—a great circle if the 
plane passes through the center of the 
sphere, and a small circle if it does not. 


Latitude and Longitude 


The nature. of a sphere is such that any 
point on it is exactly like any other point. 
There is neither beginning nor ending as 
far as differentiation of points is concerned. 
In order that points may be located on the 
earth, some points or lines of reference are 
necessary so that other points may be lo- 
cated with regard to them. Thus the loca- 
tion of New York City with reference to 
Washington, D. C., is stated as a number 
of miles in a certain direction from Wash- 
ington. Any point on the earth can be lo- 
cated in this manner. 


Such a system, however, does not lend 
itself readily to navigation, for it would be 
difficult to locate a point precisely in mid- 
Pacific without any nearby known _ geo- 
graphic features to use for reference. A 
system of coordinates has been developed 
to locate positions on the earth by means of 
imaginary reference lines. These lines are 
known as parallels of latitude and meridi- 
ans of longitude. 


LATITUDE. The earth rotates on its north- 
south axis once a day, and this axis is ter- 
minated by the two poles. The equator is 
constructed at the midpoint of this axis at 
right angles to it (see referenced illustra- 
tion). A great circle drawn through the 
poles is called a meridian, and an infinite 
number of great circles may be constructed 
in this manner (see related illustration). 
Each meridian is divided into four quad- 
rants by the equator and the poles. Since a 
circle is arbitrarily divided into 360 de- 
grees, each of these quadrants contains 90 
degrees as shown. 


Take a point on one of these meridians 
30 degrees north of the equator. Through 
this point pass a plane perpendicular to the 
north-south axis of rotation as shown, This 
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GREAT CIRCLES THROUGH THE 
POLES FORM MERIDIANS 


EQUATOR AND POLES 
DIVIDE MERIDIANS 
INTO FOUR EQUAL PARTS 


Planes of the Earth 


plane will be parallel to the plane of the 
equator and will intersect the earth in a 
small circle called a parallel or parallel of 
latitude. The particular parallel of latitude 
chosen is at 30°N, and every point on this 
parallel will be at 30°N. In the same way, 
other parallels can be constructed at any 
desired latitude, such as 10 degrees, 40 
degrees, etc. 


The point to bear in mind is that the 
equator is drawn as the great circle midway 





Latitude of M is angle QOM or arc QM 
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THE PLANE OF A PARALLEL IS 
PARALLEL TO THE EQUATOR 


EQUATOR IS A GREAT CIRCLE 
WHOSE PLANE IS PERPENDICULAR 
TO THE AXIS 


between the poles, that the parallels of lati- 
tude are small circles constructed with ref- 
erence to the equator, and that therefore 
they are definitely located small circles 
parallel to the equator. The angular dis- 
tance measured on a meridian north or 
south of the equator is known as latitude, 
(see Latitude of M) and forms one compo- 
nent of the coordinate system. 


LONGITUDE. The latitude of a point can 
be shown as 20°N or 20°S of the equator, 
but there is no way of knowing whether one 
point is east or west of another. This diffi- 
culty is resolved by use of the, other compo- 
nent of the coordinate system, longitude, 
the measurement of this east-west distance. 

There is not, as with latitude, a natural 
starting point for numbering, such as the 
equator. The solution has been to select an 
arbitrary starting point. A great many 
places have in turn been used, but when the 
English speaking people began to make 
charts, they chose the meridian through 
their principal observatory in Greenwich, 
England, as the origin for counting longi- 
tude, and this point has now been adopted 
by most other countries of the world. This 














0° MERIDIAN 


180° J 


MERIDIAN 


Longitude is Measured East and 
West of the Greenwich Meridian 


Greenwich meridian is sometimes called the 
prime or first meridian, though actually it 
is the zero meridian. Longitude is counted 
east and west from this meridian through 
180 degrees, as shown in the accompanying 
illustration. Thus, the Greenwich meridian 
is the 0-degree longitude on one side of the 
earth, and after crossing the poles, it be- 
comes the 180th meridian (180 degrees 
east or west of the 0-degree meridian). 


SUMMARY. If a globe has the circles of 
latitude and longitude drawn upon it accord- 
ing to the principles described, and the lati- 
tude and longitude of a certain place has 
been determined by observation, this point 
can be located on the globe in its proper 
position. In this way, a globe can be formed 
that resembles a small-scale copy of the 
spherical] earth. 


It may be well to point out here some of 
the measurements used in the coordinate 
system. Latitude is expressed in degrees up 
to 90, and longitude is expressed in degrees 
up to 180. The total number of degrees in 
any one circle can not exceed 360. A degree 
(°) of arc may be subdivided into smaller 
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Latitude is measured with Reference to the Equator; 
Longitude with Reference to the Prime Meridian 


units by dividing each degree into 60 min- 
utes (’) of arc. Each minute may be fur- 
ther subdivided into 60 seconds (”) of arc. 
Measurement may also be made, if desired, 
in degrees, minutes, and tenths of minutes. 


A position on the surface of the earth is 
expressed in terms of latitude and longi- 
tude. Latitude is expressed as being either 
north or south of the equator, and longitude 
as either east or west of the prime meridian. 


Distance 


Distance as previously defined is meas- 
ured by the length of a line joining two 
points. In navigation the most common unit 
used for measuring distances is the nautical 
mile. Since miles have various lengths, one 
should be careful to specify which mile is 
meant. In the United States, one mile has 
been defined by statute to be 1,760 yards, 
or 5,280 feet. This is called a U.S. Statute 
Mile. There are some differences in the 
statutory distances in other countries. 

Navigators used the nautical mile as a 
distance unit. Previously, this unit was de- 
fined as the length of one minute of arc on 
a great circle on a sphere having an area 
equal to that of the earth or 6,080.20 U.S. 


2-5 


AF MANUAL 51-40 VOL 1 15 OCTOBER 1959 


feet. Recently, the International nautical 
mile was adopted by the Department of 
Defense and the Department of Commerce. 
This mile equals 6,076.10 U.S. feet. 


A nautical mile is sometimes erroneously 
defined as being one minute of arc of the 
equator of the earth. This unit is properly 
called the geographic mile and is approxi- 
mately 6,087.08 feet long. For most prac- 
tical navigation purposes, all of the follow- 
ing units are used interchangeably as the 
equivalent of one nautical mile: 


1. 1,852 meters (6,076.10 feet). 


2. One minute of arc of a great circle on 
a sphere having an area equal to that of 
the earth. 


3. One minute of arc on the earth’s equa- 
tor (geographic mile). 


4. One minute of arc on a meridian (one 
minute of latitude). 


5. Two thousand yards (for short dis- 
tances). 

Navigation is done, today, in terms of 
nautical miles. However, it is sometimes 
necessary to interconvert statute and nau- 
tical miles. This conversion is easily made 
with the following ratio: 


In a given distance: 


Number of statute miles _ 76 
Number of nautical miles 66 


Closely related to the concept of distance 
is speed, which determines the rate of 
change of position. Speed is usually ex- 
pressed in miles per hour, this being either 
statute miles per hour or nautical miles per 
hour. If the measure of distance is nautical 
miles, it is customary to speak of speed in 
terms of knots. Thus, a speed of 200 knots 
and a speed of 200 nautical miles per hour 
are the same thing. It is incorrect to say 
200 knots per hour unless referring to 
acceleration. 


2-6 





Direction 


Remember that direction is the position 
of one point in space relative to another 
without reference to the distance between 
them. The time-honored point system for 
specifying a direction as north, north-north- 
west, northwest, west-northwest, west, etc., 
is not adequate for modern navigation. The 
nomenclature is cumbersome and may easily 
be misunderstood over voice radio. It has 
been replaced for most purposes by a nu- 
merical system which is simpler, more 
logical, and less likely to cause confusion. 

The numerical system, illustrated, di- 
vides the horizon into 360 degrees starting 
with north as 000 degrees, and continuing 
clockwise through east 090 degrees, south 
180 degrees, west 270 degrees, and back to 
north. 

The circle, called a compass rose, repre- 
sents the horizon divided into 360 degrees. 
The nearly vertical lines in the illustration 
are meridians drawn as straight lines with 
the meridian of position A passing through 
000 degrees and 180 degrees of the com- 
pass rose. Position B lies at a true direction 
of 062 degrees from A, and position C is at 
a true direction of 295 degrees from A. 


Since determination of direction is one of 
the most important parts of the navigator’s 
work, the various terms involved should be 
clearly understood. Generally, in navigation, 
unless otherwise stated, all directions are 
called true (T) directions. 


Course is the intended horizontal direc- 
tion of travel. 


Heading is the horizontal direction in 
which an aircraft is pointed. Heading is the 
actual orientation of the longitudinal axis 
of the aircraft at any instant, while course 
is the direction intended to be made good. 


Track is the actual horizontal direction 
made by the aircraft over the earth. 


Bearing is the horizontal direction of one 
terrestrial point from another. As_ illus- 
trated, the direction of the island from the 
aircraft is marked by the line of sight (a 
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The Numerical System is Customarily Used in Air Navigation 


visual bearing). Bearings are usually ex- 
pressed in terms of one of two reference 
directions: (a) true north, or (b) the direc- 
tion in which the aircraft is pointed. If true 
north is the reference direction, the bearing 
is called a true bearing. If the reference 


270° 


direction is the heading of the aircraft, the 
bearing is called a relative bearing as 
shown in the captioned illustration. A com- 
plete explanation of these terms and their 
use in navigation will be given in a later 
section of the manual. 





True Bearings are Measured from True North; Relative bearings from Heading 
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Great Circle and Rhumb Line Direction 


The direction of the great circle as 
shown in the illustration, Great Circle and 
Rhumb Line makes an angle of about 50 
degrees with the meridian of New York, 
about 90 degrees with the meridian of Ice- 
land, and a still greater angle with the 
meridian of London. In other words, the 
direction of the great circle is constantly 
changing as progress is made along the 
route, and is different at every point along 
the great circle. Flying such a route re- 
quires constant change of direction and 
would be difficult to fly under ordinary con- 
ditions. Still, it is the most desirable route, 
since it is the shortest distance between 
any two points. 

A line which makes the same angle with 
each meridian is called a rhumb line. An 
aircraft holding a constant true heading 
would be flying a rhumb line. Flying this 
sort of path results in a greater distance 
traveled, but it is easier to steer. If contin- 
ued, a rhumb line spirals toward the poles 
in a constant true direction but never 
reaches them. The spiral formed is called a 
loxodrome or loxodromic curve. 
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Great Circle and Rhumb Line 


Between two points on the earth, the 
great circle is shorter than the rhumb line, 
but the difference is negligible for short 
distances (except in high latitudes) or if 
the line approximates a meridian or the 
equator. 





A Rhumb Line or Loxodrome 








MAPS AND CHARTS 


Map making is one of the most important 
branches of geography, and most other 
areas of geography are dependent upon it. 
Nearly every person from time to time 
makes use of maps, and ideas with regard 
to the relative areas of the various portions 
of the earth’s surface are in general de- 
rived from this source. A good map which 
displays the various land forms is necessary 
to study the structure of any region. To 
represent the distribution of the races of 
mankind or any other natural phenomena, 
it is essential, first of all, to construct a 
reliable map to show their locations. For 
navigation and military operations, charts, 
plans, and maps are indispensable. There- 
fore, some knowledge of the essential quali- 
ties inherent in the various map structures 
is highly desirable. A thorough understand- 
ing of maps and charts is an absolute pre- 
requisite for today’s navigator. 


A map is a small-scale, flat-surface rep- 
resentation of some portion of the face of 
the earth. Such a representation designed 
for navigational purposes is generally 
termed a chart; though the terms maps and 
charts are used interchangeably. One dis- 
tinction between the two has been given as, 
“A map is to look at, and a chart is to work 
on.” In this manual, the two terms will be 
used synonymously. 


From ancient times, man has attempted 
to reproduce accurately the surface of a 
sphere on a plane surface. The procedure is 
similar to that of taking a hollow rubber 
ball and flattening it; the ball will stretch 
and split before it will flatten. This is 
exactly the problem which is encountered in 
map making. As in the case of the rubber 
ball, when the earth is displayed on a plane 
surface, some features are distorted and 
others are lost altogether. Much of the dis- 
tortion is minimized with the introduction 
of various mathematical modifications of 
the geometric map, and the most desirable 
navigational properties can either be accu- 
rately or very nearly accurately portrayed. 
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Before continuing the discussion of maps 
and charts, the reader should be familiar. 
with certain basic ideas. 


1. The surface of a sphere or spheroid is 
said to be undevelopable because no part of 
it may be spread out flat without distortion. 


2. A plane, cylinder, or cone, which can 
be easily flattened, is called a developable 
surface. 


3. The method of representing all or part 
of the surface of a sphere or spheroid on a 
plane surface is called a map or chart 
projection. 


4. Perspective or geometric projections 
are actual projections of the graticule (lines 
of latitude and longitude) of the reduced 
earth onto a developable surface. In theory, 
a map could be constructed by placing a 
light source in a hollow plastic model of the 
earth with the parallels and meridians in- 
scribed on it, and projecting this graticule 
on some developable surface. This surface, 
if it is not a plane, is unrolled to form a 
flat surface. Any chart that can be con- 
structed in this manner is called a geomet- 
ric or perspective projection. The proper- 
ties and appearance of the resultant map 
will depend upon two factors: the type of 
developable surface and the position of the 
light source. In actual practice the projec- 
tion is constructed mathematically. 


5. Mathematical projections are _ con- 
structed to provide certain properties which 
cannot, in theory, be constructed geometric- 
ally. Some of these properties are discussed 
under the heading, Choice of Projection. 
Most chart projections, today, are mathe- 
matically projected. In studying certain 
mathematical projections, it is often useful 
to refer to the analogy of a similar geomet- 
ric projection from a sphere to a develop- 
able surface. Careless reference to this 
analogy can be misleading. 


Choice of Projection 


Each projection has distinctive features 
which make it preferable for certain uses; 
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no one projection is best for all conditions. 
Some of the desirable features are: 


1. Conformality. 

. Constant and correct scale. 

. Correct shape representation. 

. Correct area representation. 

. Great circles appear as straight lines. 


Oo & WwW NHN 


. Rhumb lines appear as straight lines. 


7. Coordinates on the map are easy to 
locate. 


CONFORMALITY. Conformality provides 
that the angle between intersecting curves 
on the earth will be preserved on the chart. 
For a map to be conformal, parallels and 
meridians must intersect at right angles. In 
addition, scale or scale expansion must be 
the same along the meridian as it is along 
the parallel. Scale on a conformal map will 
vary from point to point, but provided it is 
the same in all directions at any point, the 
requirement is met. Conformality provides 
the preservation on the map of the angle 
between intersecting curves but does not 
determine the way the curves will be rep- 
resented on the map. 


CONSTANT AND CORRECT SCALE. A model 
of the earth would have constant and cor- 
rect scale; i.e., the distance of every place 
from every other place would bear a con- 
stant ratio to the true distance on the earth. 
Unfortunately, the earth’s surface cannot 
be developed into a plane without stretch- 
ing or shrinking which prevents correct and 
constant scale representation over the en- 
tire projection. 


CORRECT SHAPE REPRESENTATION. To 
possess the property of correct shape (or- 
thomorphism), a map must be conformal 
and the scale must be constant and correct 
in all directions. As pointed out above, this 
latter prerequisite is not possible to obtain, 
and the term orthomorphism is perhaps 
misleading. When used in this manual, or- 
thomorphism will apply to very small areas. 
If a projection has parallels and meridians 
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intersecting at right angles, and the scale 
at any one point is the same in all direc- 
tions even though it varies from point to 
point, the projection is then called ‘“ortho- 
morphic.” 


CORRECT AREA REPRESENTATION. An 
equal-area projection, as the name implies, 
represents areas correctly. If it is desired 
to show, without exaggeration, the extent 
of the different countries of the world, it 
matters little if the shape of the country is 
distorted, so long as its area is properly 
represented to scale. An equal-area map 
cannot be conformal, and so equal-area 
charts are of little value to the navigator. 


STRAIGHT LINE. The nature of the 
straight line on a map is equally as impor- 
tant as conformality. The rhumb line and 
the great circle are the two curves that a 
navigator might wish to have represented 
on a map as a straight line. The rhumb line 
is desirable because it is convenient to fly, 
and the great circle is flown because it pro- 
vides the shortest path between any two 
points. In high latitudes, the great circle is 
certainly the best curve to follow, but in 
equatorial regions there will be little differ- 
ence in following either the rhumb line or 
the great circle. In intermediate latitudes, 
a choice may be made, but on a long flight, 
the saving obtained by flying a great circle 
should be given consideration. No conformal 
chart will ever represent all great circles as 
straight lines. 


COORDINATES EASY TO LOCATE. The geo- 
graphic latitudes and longitudes of places 
should be easily found from their positions 
on the map, and conversely, positions should 
be easily plotted on the map when the 
latitudes and longitudes are known. 


Classification of Projections 


There are many methods by which map 
projections may be classified. Various texts 
have divided the charts according to usage, 
construction, properties, type of surface, 
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and so forth. This manual will group pro- 
jections according to the type of develop- 
able surface. The only developable surfaces 
to be considered will be the cone, the cylin- 
der, and the plane. Projections on these 
surfaces are termed conical, cylindrical, and 
azimuthal projections, respectively. Cylin- 
drical and azimuthal projections may be 
considered as limiting cases of conical pro- 
jections with the height of the cone at in- 
finity and zero, respectively. 


Azimuthal Projections 


An azimuthal or zenithal projection is one 
in which points on the earth are transferred 
directly to a plane tangent to the earth. 
According to the location of the plane and 
the point of projection, various geometric 
projections result. If the origin of the pro- 
jecting rays is the center of the earth, a 
gnomonic projection results; if it is the 
point on the surface of the earth opposite 
the point of tangency of the plane, a stereo- 
graphic projection; if it is at infinity, an 
orthographic projection, as shown in A2t?- 
muthal Projections. Each of these projec- 
tions may be further classified, such as a 
polar stereographic or equatorial stereo- 
graphic. 





Azimuthal Projections 
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GNOMONIC PROJECTIONS. The gnomonic 
projection provides a graticule on which all 
great circles are accurately represented as 
straight lines. On several projections a 
straight line will approximate a great cir- 
cle; on other projections, a straight line will 
be a great circle only when drawn through 
certain points or in a certain direction. It is 
only on the gnomonic that any straight line 
accurately represents a great circle. 

All gnomonic projections are direct geo- 
metric projections with the graticule of the 
reduced earth projected from a light source 
at the center of the earth onto a flat sur- 
face tangential to it at a given point. Though 
the actual construction of the chart is done 
mathematically, the relationship of the 
parallels and meridians is exactly the same 
as if a light source and a reduced earth 
were used to project the graticule onto a 
plane. 

Since the plane of every great circle cuts 
through the center of the sphere, the point 
of projection is in the plane of every great 
circle, and from this point, every great 
circle will appear as a straight line. Thus, 
every great circle is represented as a 
straight line. 

From the point of the tangency of the 
projection, all bearings are correct. At any 
other point an error is present. To compen- 
sate for this error a distorted compass rose 
must be constructed, or other special meth- 
ods used for the measurement of direction. 
This is one of the chief faults of the map. 
The other major limitation is the rapid in- 
crease of distortion of distance and direc- 
tion as the distance from the point of 
tangency increases. 

Gnomonic projections are classified ac- 
cording to the point of tangency of the plane 
surface. A gnomonic projection is: polar 
gnomonic when the point of tangency is one 
of the poles, equatorial gnomonic when the 
point of tangency is at the intersection of 
the equator and any meridian, and oblique 
gnomonic when the point of tangency is at 
any point other than at one of the poles or 
the equator. 
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Gnomonic Projections 


All gnomonic projections have the follow- 
ing properties: 


1. All great circles are represented as 
straight lines. 


2. Scale along the parallels and meridians 
expands rapidly with distance from the 
point of tangency (scale correct only at the 
point of tangency). 


3. The scale expansion is not the same in 
all directions from any point; therefore the 
chart is not conformal. 


4. Bearings are correct only when meas- 
ured from the point of tangency. 


Polar Gnomonic. The polar gnomonic 
provides a graticule for polar regions on 
which great circles are represented as 
straight lines. The chart is used to deter- 
mine great circle tracks which are then 
transferred to a navigation plotting chart. 
The meridians appear as straight lines ra- 
diating from the pole which is situated in 
the center of the chart. The parallels appear 
as concentric circles with the pole as the 
center and their distance apart increasing 
rapidly with departure from the pole. The 
equator cannot be projected, since the plane 
of tangency and the plane of equator are 





parallel. The practical limits of this projec- 
tion are from the pole to approximately 
50°N or S. Although meridians and paral- 
lels intersect at right angles, the scale ex- 
pansion along the parallels differs from that 
along the meridians, and the polar gnomonic 
is not conformal. The illustration gives the 
appearance of the polar gnomonic. 
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Polar Gnomonic Graticule 
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Equatorial Gnomonic Graticule 
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Equatorial Gnomonic. Because of the 
rapid scale expansion of the polar gnomonic 
with departure from the pole, there is a re- 
quirement for a graticule on which great 
circles are represented as straight lines 
for regions not covered by the polar gno- 
monic. The equatorial gnomonic meets this 
requirement. The point of tangency is the 
equator and any desired meridian, with the 
selected meridian known as the central 
meridian. The meridians appear as parallel 
straight lines unequally spaced along and 
perpendicular to the equator, which is also 
a straight line. The parallels appear as un- 
equally spaced, nonparallel curves convex 
to the equator. The parallels do not usually 
intersect the meridians at right angles. The 
practical limitation of the equatorial gno- 
monic is about 75 degrees in all directions 
from the point of tangency. The appearance 
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of an equatorial gnomonic, centered at the 
equator and longitude 80°W, is shown in 
Equatorial Gnomonic Graticule. The poles 
and meridians removed 90 degrees from the 
point of tangency cannot be projected. 


Oblique Gnomonic. The purpose of the 
oblique gnomonic is to provide a gnomonic 
graticule with the point of tangency at any 
point other than at the poles or on the 
equator. The oblique gnomonic is used prin- 
cipally for accurate tracking of aircraft by 
electronic devices, and is also used by D/F 
stations in laying off their radio bearings. 
The meridians appear as_ convergent 
straight lines, with the parallels as un- 
equally spaced, nonparallel curves convex 
to the equator. The central meridian inter- 
sects the equator and parallels at right 
angles. Again, rapid scale expansion occurs 
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EQUATORIAL 


Stereographic Projections 


away from the point of tangency. The equa- 
tor may be projected on most oblique gno- 
monics, but like the polar and equatorial, 
it is limited to less than one hemisphere. 
The practical limitation of the projection is 
approximately 75 degrees in all directions 
from the point of tangency. The appearance 
of the oblique gnomonic with the point of 
tangency at Washington, D.C., is shown. 


STEREOGRAPHIC PROJECTIONS. As_ with 
the gnomonic projection, the stereographic 


is formed by projecting the earth on a. 


tangent plane, but in this case, the point of 
projection is the opposite end of the diame- 
ter of the earth from the point of tangency. 
With the point of tangency at one of the 
poles, the projection is known as the polar 
stereographic; with the point of tangency 
at the equator, it is called the equatorial or 
meridianal stereographic; with the point of 
called an oblique or horizon stereographic. 
tangency at some intermediate point, it is 
The two latter maps are not used in naviga- 
tion and will not be discussed in any detail 
in this manual. The illustration shows the 
three stereographic projections. 


Polar Stereographic. The purpose of the 
polar stereographic is to provide a grati- 
cule of the polar areas suitable for use as a 
plotting chart. The meridians appear as 
straight lines radiating from the pole, 
spaced their correct change of longitude 
apart. The parallels appear as circles con- 
centric about the pole. The scale of the 
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stereographic increases with distance from 
the point of tangency, but more slowly than 
in the case of the gnomonic. Since the dis- 
tance between parallels increases at the 
same rate as the circumference of the par- 
allels, the scale will be the same along both 
the meridians and parallels at any one place. 
The projection also has the additional prop- 
erty of meridians and parallels intersecting 
at right angles, making the chart conformal. 
Meridians are projected as straight lines, 
and any straight line on the map very nearly 
represents a great circle on the earth. The 
graticule of a polar stereographic is illus- 
trated. 





Polar Stereographic Graticule 
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Properties: The polar stereographic has 
the following properties: 


1. Meridians are radiating straight lines, 
their correct change of longitude apart, in- 
tersecting parallels (which are concentric 
circles) at right angles. 


2. Scale is expanded at the same rate 
along both parallels and meridians, increas- 
ing with departure from the pole. 


3. Great circles are approximated by 
straight lines (except meridians which are 
exact straight lines). 


4. A rhumb line will be a curve concave 
to the nearer pole. 


5. Because of expanding scale, a varia- 
ble latitude scale must be used to measure 
distance. 

6. The chart is conformal, and the shapes 
of small areas can be considered correct, 
though shapes of large areas are distorted. 


7. The equator can be projected, though 
it is not usual to do so because the scale 
expansion of the equator is two to one. 
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ORTHOGRAPHIC PROJECTION. An _ ortho- 
graphic projection results when a light 
source at infinity projects the graticule of 
the reduced earth onto a plane tangent to 
the earth at some point perpendicular to 
the projecting rays. If the plane is tangent 
to the earth at the equator, the parallels 
appear as straight lines and the meridians 
as elliptical curves, except the meridian 
through the point of tangency, which is a 
straight line. 

The illustration shows an equatorial or- 
thographic projection. The principal use of 
the projection in navigation is in the field 
of navigational astronomy, where it is use- 
ful for illustrating celestial coordinates, 
since the view of the moon, the sun, and 
other celestial bodies from the earth is 
essentially orthographic. 


AZIMUTHAL EQUIDISTANT PROJECTION. 
An azimuthal projection on which the dis- 
tance scale along any great circle through 
the point of tangency is constant is called 
an azimuthal equidistant projection. If a 
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Equatorial Orthographic Projection 
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Azimuthal Equidistant Map with Point of 
Tangency Lat. 40° N, Long. 100° W 


pole is the point of tangency, the meridians 
appear as straight radial lines and the par- 
allels as concentric circles, equally spaced. 
If the plane is tangent at some point other 
than a pole, the concentric circles represent 
distance from the point of tangency. In this 
case, meridians and parallels appear as 
curves. The projection can be used to por- 
tray the entire earth, a point 180 degrees 
from the point of tangency appearing as the 
largest of the concentric circles. It is a 
special case of the simple conic projection 
with one standard parallel. The projection 
is neither conformal nor equal area, nor is 
it perspective. Near the point of tangency, 
the distortion is small, but it increases with 
distance until shapes near the opposite side 
of the earth are unrecognizable. 

The projection is useful because it com- 
bines the three features of being azimuthal, 
having a constant distance scale from the 
point of tangency, and permitting the entire 
earth to be shown on one map. Thus, if an 
important airport is selected at the point 
of tangency, the great-circle distance and 
course from that point to any other point 
on the earth are quickly and accurately de- 
termined. Similarly, for communication 


work at a fixed point (the point of tangen- 
cy), the path of an incoming signal whose 
direction of arrival has been determined is 
at once apparent, as is the direction in 
which to train a directional antenna for de- 
sired results. 


Cylindrical Projections 


The only cylindrical projection widely 
used for navigation is the Mercator, named 
after its originator, Gerhard Mercator 
(Kramer), who first derived the chart in 
the year 1569. Before the time of this pro- 
jection, mariners used a variety of charts, 
none of which satisfied the need for a con- 
formal chart that depicted a rhumb line as 
a straight line. The Mercator not only fills 
this requirement, but it is the only projec- 
tion ever constructed that is conformal and 
at the same time displays the rhumb line 
as a straight line. The Mercator is probably 
the best known of all projections. It is 
widely used for navigation, for nearly all 
atlases (a word coined by Mercator, inci- 
dentally), and for many wall maps. 

Although copies of the original Mercator 
still exist, the exact method that was used 
in its construction is not known, as Mercator 
himself did not indicate the method. For the 
sake of historical accuracy, it might be 
stated that his results were derived by ap- 
proximate formula. The projection was 
further refined some years later when cal- 
culus was invented (about 1715), and better 
values were determined for the size of the 
earth. 


The Mercator is not a perspective projec- 
tion and the parallels cannot be located geo- 
metrically, since the spacing is derived 
mathematically. The use of a tangent cylin- 
der to explain the development of the pro- 
jection is an attempt at simplification. The 
relationship of the terrestrial latitude and 
longitude lines to those on the cylinder is 
often carried beyond justification, resulting 
in misleading statements and _ illustrations. 

Imagine a cylinder tangent to the equa- 
tor, with the source of projection at the 
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center of the earth. It would appear much 
like the illustration with the meridians be- 
ing straight lines, and the parallels being 
unequally spaced circles around the cylin- 
der. It is obvious from the illustration that 
those parts of the terrestrial surface close 
to the poles would not be projected unless 
the cylinder were tremendously long, and 
that the poles could not be projected at all. 


On the earth, the parallels of latitude are 
perpendicular to the meridians, forming cir- 
cles of progressively smaller diameter as 
the latitude increases. On the cylinder, they 
are shown perpendicular to the projected 
meridians, but because a cylinder is every 
where the same diameter, the projected 
parallels are all the same length. If the cyl- 
inder is cut along a vertical line—a meridian 
—and spread flat, the meridians appear as 
equal-spaced, vertical lines, and the paral- 
lels as horizontal lines. 

The cylinder may be tangent at some 
great circle other than the equator, forming 
other types of cylindrical projections. If the 
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cylinder is tangent at some meridian, it is a 
transverse cylindrical projection, and if it 
is tangent at any point other than the equa- 
tor or a meridian, it is called an oblique 
cylindrical projection. The patterns of lati- 
tude and longitude appear quite different 
on these projections, since the line of tan- 
gency and the equator no longer coincide. 


MERCATOR’S PROJECTION. The distinguish- 
ing feature of the Mercator projection 
among cylindrical projections is that at any 
latitude the ratio of expansion of both 
meridians and parallels is the same, thus 
preserving the relationship existing on the 
earth. This expansion is equal to the secant 
of the latitude, with a small correction for 
the ellipticity of the earth. Since expansion 
is the same in all directions and all angles 
are correctly represented, the projection is 
conformal. 


Rhumb lines appear as straight lines, the 
directions of which can be measured direct- 
ly on the chart. Distances can also be meas- 
ured directly, but not by a single distance 
scale on the entire chart, unless the spread 
of latitude is small. Great circles appear 
as curved lines, concave to the equator, or 
convex to the nearest pole. The shapes of 
small areas are very nearly correct, but are 
of increased size unless they are near the 
equator. 


Properties. The Mercator has the follow- 
ing properties: 

1. The meridians are represented by 
straight, parallel lines, intersecting the par- 
allels, which are also straight, parallel lines, 
at right angles. 


2. Scale is correct only at the equator; 
elsewhere it expands as the secant of the 
latitude. Thus, the scale of a chart can ap- 
ply only to a given latitude, and a variable 
scale is required to measure distances. 


3. Because the secant of 90 degrees is in- 
finity, the poles cannot be shown on the 
equatorial Mercator. 


4. A straight line represents a rhumb 
line. 
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5. A great circle is represented by a 
curved line convex to the nearest pole. 


6. The projection is conformal and ac- 
cordingly cannot be equal-area. Areas are 
greatly exaggerated in high latitudes. 


Disadvantages. The Mercator projection 
has the following disadvantages: 


1. Difficulty of measuring large distances 
accurately. 


2. Conversion angle must be applied to 
great circle bearings before plotting. 


3. The chart is useless in polar regions 
above 80°N or S since the poles cannot be 
shown. 


CONSTRUCTION OF A MERCATOR GRATICULE. 
Under certain circumstances, it may be nec- 
essary to construct a blank Mercator for 
plotting. The construction can be done 
either graphically or mathematically, 
though the mathematical construction is the 
only correct method. However, provided 
the change in latitude is small, the graphic 
method introduces little error. 


Graphic Construction. The steps in con- 
structing a graticule covering an area of 
40°N-41°N latitude and 101° W-102°W are: 

1. Draw a base line to represent parallel 
40°N. 

2. Erect perpendiculars at A and C (see 
Graphic Construction of a Mercator), a con- 
venient distance apart, to represent merid- 
ians, 101°W and 102°W. 

38. Draw angle BAC equal to the mean 
latitude (in this case, 40°30’), B being on 
the 102°W meridian. 

4. With center A and radius AB, describe 
an arc cutting the 101°W meridian at D. 

5. Through D, draw a line parallel to AC 
to represent parallel 41°N. 

6. Other parallels may be constructed in 
a similar manner, though the greater the 
latitude span, the greater the error in this 
method of construction. 
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Graphic Construction of a Mercator 


Meridional Parts. At the equator, a de- 
gree of longitude is approximately equal in 
length to a degree of latitude. As the dis- 
tance from the equator increases, degrees 
of latitude remain approximately the same 
length (remember that the earth is not 
quite a sphere) while degrees of longitude 
become progressively shorter. On the Mer- 
cator projection, degrees of longitude have 
been expanded, where necessary, so that all 
are the same length. If expansion is to be 
the same in all directions, the distance be- 
tween parallels must also be increased in a 
proportionate amount. The spacing between 
parallels is expressed in units known as 
meridional parts, which may be defined as 
the chart length of one minute of change of 
longitude. The Meridional Parts Table con- 
tains the number of meridionai parts he- 
tween the equator and each parallel. If the 
length of the base meridional part is known, 
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TABLE K. MERIDIONAL PARTS: INTERNATIONAL ELLIPSOID 





0 2304.39 2378.71 2454.02 2530.37 
1 2305.62 2379.96 2455.28 2531.65 
2 2306.86 2381.20 2456.55 2532.94 
3 2308.09 2382.45 2457.81 2534.22 
4 2309.32 2383.70 2459.08 2535.50 
3 2310.55 2384.95 2460.34 2536.78 
6 2311.78 2386.20 2461.61 2538.07 
7 2313.01 2387.44 2462.87 2539.35 
8 2314.25 2388.69 2464.14 2540.63 
9 2315.48 2389.94 2465.41 2541.92 
10 2316.71 2391.19 2466.67 2543.20 
11 2317.95 2392.44 2467.94 2544.49 
12 2319.18 2393.69 2469.21 2545.77 
13 2320.41 2394.94 2470.47 2547.06 
14 2321.65 2396.19 2471.74 2548.34 
15 2322.88 2397.44 2473.01 2549.63 
16 2324.12 2398.69 2474.28 2550.92 
17 2325.35 2399.95 2475.55 2552.20 
18 2326.59 2401.20 2476.81 2553.49 
2327.82 2402.45 2478.08 2554.78 
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2403.70 





2479.35 





2556.06 
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2607.82 2686.42 2766.23 2847.32 2929.74 0 
2609.12 2687.74 2767.57 2848.68 2931.13 1 
2610.42 2689.06 2768.91 2850.04 2932.51 2 
2611.72 2690.38 2770.26 2851.41 2933.90 3 
2613.02 2691.70 2771.60 2852.77 2935.29 4 
2614.33 2693.02 2772.94 2854.13 2936.67 ) 
2615.63 2694.35 2774.28 2855.50 2938.06 6 
2616.93 2695.67 2775.63 2856.86 2939.45 7 
2618.23 2696.99 2776.97 2858.23 2940.84 8 
2619.54 2698.31 2778.31 2859.59 2942.23 9 
2620.84 2699.64 2779.66 2860.96 2943.62 10 
2622.14 2700.96 2781.00 2862.33 2945.00 11 
2623.45 2702.28 2782.35 2863.69 2946.39 12 
2624.75 2703.61 2783.69 2865.06 2947.78 13 
2626.06 2704.93 2785.04 2866.43 2949.18 14 
2627.36 2706.26 2786.38 2867.80 2950.57 15 
2628.67 2707.58 2787.73 2869.16 2951.96 16 
2629.97 2708.91 2789.07 2870.53 2953.35 17 
2631.28 2710.23 2790.42 2871.90 2954.74 18 
2632.58 2711.56 2791.77 2873.27 2956.13 


2633.89 





2712.89 


2793.12 





2874.64 





2957.53 





the distance to each parallel may be deter- 
mined by multiplying this factor times the 
number of parts. The difference between 
two successive latitude entries is called the 
meridional part difference and is the num- 
ber of meridional parts between those two 
latitudes. This may be used when some 
latitude other than the equator is to be the 
base of latitude of the chart. 


Construction Using Meridional Parts. For 
purposes of illustration, assume that a 
chart is to be constructed with meridians 
spaced three inches apart, and with lati- 
tudes from 40°N to 44°N. Since there are 
60 meridional parts between each degree of 
longitude, and the total space covered is to 
be three inches, each meridional part will 
cover one-twentieth of an inch or .05 inch. 
This factor, multiplied by the number of 
meridional parts between two parallels of 
latitude, equals the chart distance between 
the two parallels. 


The following is an outline of the steps to 
be followed in the chart construction: 


1. Draw a straight line representing 40° 
N and erect a perpendicular to it at some 
convenient point. 


2. Draw the _ meridians, 


. spaced three 
inches apart, parallel to the perpendicular 
constructed in Step 1. 


3. Enter the table of meridional parts, 
and extract those values for the latitudes 
desired. (NOTE: Meridional parts differ by 
the ellipsoid used. These meridional parts 
are based on the International ellipsoid.) 


4. Record the difference between each of 
these values and the base latitude (40° N), 
and multiply each of these meridional dif- 
ferences by the factor determined above 
(.05). 


Lat 40 to Lat 41 =.05 « (2686.4 — 2607.8) = 
3.93 inches 


Lat 40 to Lat 42 =.05 x (2766.2 — 2607.8) = 
7.92 inches 


Lat 40 to Lat 43 =.05 x (2847.3 — 2607.8) = 
11.98 inches 


Lat 40 to Lat 44 =.05 x (2929.7 — 2607.8) = 
16.1 inches 


Oo. The values derived are used to lay off 
the parallels. The 41°N latitude will be 
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78.6 MERIDIONAL PARTS 
= 3.93” 


3”=60 MERIDIONAL PARTS 


drawn parallel to the 40°N latitude at a dis- 
tance of 3.93 inches as shown in Mercator 
Construction Using Meridional Parts. Each 
of the other parallels is laid off in a like 
manner, using the distance computed above, 
and measuring from the base latitude of 
40°N. 

TRANSVERSE MERCATOR. The transverse 
or inverse Mercator is a conformal map 
designed for areas not covered by the equa- 
torial Mercator. With the transverse Mer- 
cator, the property of straight meridians 
and parallels is lost, and the rhumb line is 





no longer represented by a straight line. 
The parallels and meridians become com- 
plex curves, and, with geographic reference, 
the transverse Mercator is difficult to use 
as a plotting chart. The transverse Merca- 
tor, though often considered analogous to a 
projection onto a cylinder, is in reality a 
nonperspective projection that is construct- 
ed mathematically. This analogy (illustrated 
in Transverse Mercator—Cylinder Tangent 
at the Poles), however, does permit the 
reader to visualize that the transverse Mer- 
cator will show scale correctly along the 





Transverse Mercator — Cylinder Tangent at the Poles 











—s —— — 


central meridian which forms the great cir- 
cle of tangency. In effect, the cylinder has 
been turned 90 degrees from its position for 
the ordinary Mercator, and some meridian, 
called the central meridian, becomes the 
tangential great circle. One series of USAF 
charts using this type of projection places 
the cylinder tangent to the 90°E-90°W 
longitude. 

These projections utilize a fictitious gra- 
ticule similar to, but offset from, the fami- 
liar network of meridians and parallels. The 
tangent great circle is the fictitious equa- 
tor. Ninety degrees from it are two fictitious 
poles. A group of great circles through 
these poles and perpendicular to the tan- 
gent constitutes the fictitious meridians, 
while a series of lines parallel to the plane 
of the tangent great circle forms the fic- 
titious parallels. 
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On these projections, the fictitious grati- 
cule appears as the geographical one ordi- 
narily appears on the equatorial Mercator. 
That is, the fictitious meridians and paral- 
lels are straight lines perpendicular to each 
other. The actual meridians and parallels 
appear as curved lines, except the line of 
tangency. Geographical coordinates are 
usually expressed in terms of the conven- 
tional graticule. A straight line on the 
transverse Mercator projection makes the 
same angle with all fictitious meridians, but 
not with the terrestrial meridians. It is, 
therefore, a fictitious rhumb line. 

The appearance of a transverse Mercator 
using the 90°E-90°W meridian as a refer- 
ence or fictitious equator is shown. The 
dotted lines are the lines of the fictitious 
graticule. The N-S meridian through the 
center is the fictitious equator, and all other 


10 20 30 40 50 60 70 80 90 80 70 60 50 40 30 20 EQUATOR 10 
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Transverse Mercator with Superimposed Conventional Mercator Graticule 
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original meridians are now curves concave 
to the N-S meridian with the original paral- 
lels now being curves concave to the nearer 
pole. 

The transverse Mercator has the follow- 
ing properties: 


1. The meridian of tangency and the two 
meridians 90 degrees removed from it are 
straight lines; all other meridians are 
curves concave to the tangent meridian. 


2. The equator is represented by a 
straight line; all other parallels are curves 
concave to the nearer pole. Meridians and 
parallels intersect at right angles. 


8. Scale is correct only along the tangent 
meridian; elsewhere, it is expanded. But at 
any point, scale expansion is the same in 
all directions. 


4. Points 90 degrees from the tangent 
meridian cannot be projected. 


5. All lines perpendicular to the tangent 
meridian are great circles. Lines running 
parallel to the tangent meridian are small 
circles. 


6. The projection is conformal, and ac- 
cordingly cannot be equal-area. 


OBLIQUE MERCATOR. The cylindrical pro- 
jection in which the cylinder is tangent at 
a great circle other than the equator or a 
meridian is called an oblique Mercator. This 
projection is used principally to depict an 
area in the near vicinity of an oblique great 
circle, as, for instance, along the great cir- 
cle route between two important centers a 
relatively great distance apart. 

In theory, the construction of the oblique 
Mercator is analogous to the projecting of 
the graticule of the reduced earth onto a 
cylinder which has been made tangential to 
the earth along some predetermined great 
circle (see Oblique Mercator Projection). 
The actual calculations for the construction 
of an oblique Mercator are long, involved, 
and tedious. 
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Oblique Mercator Projection 


The oblique Mercator will show true scale 
along the preselected great circle of tan- 
gency, with the scale expanding on depar- 
ture from this line (Fictitious Graticule of 





FICTITIOUS POLE 
- 





Fictitious Graticule of Oblique Mercator Projection 
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Oblique Mercator Chart Based upon a Cylinder Tangent at the 
Great Circle through Washington and Moscow 


Oblique Mercator Projection). By control- 
ling the band around the curve to approxi- 
mately 15°N or S, a graticule can be pro- 
vided with a minimum of scale error. 

Although meridians are curves on this 
chart, they will approximate straight lines 
if the area covered is not too great. Possi- 
ble use for the map is as a plotting chart 
using grid techniques, extending a relative- 
ly short distance on each side of the tangent 
meridian. 


Conic Projections 


The cone can be considered as the basis 
of most map projections, and the great ma- 
jority of aeronautical charts in use today 
are based on this projection. Nearly all 
conic projections are determined mathe- 
matically, though a simple conic projection 
is possible geometrically. The simple conic 
projection can be constructed by placing 
the apex of the cone over some part of the 
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Simple Conic Projection 


earth (usually the pole) with the cone tan- 
gent to a parallel, and projecting the grati- 
cule of the reduced earth onto the cone as 
shown in A Simple Conic Projection. The 
chart is obtained by cutting the cone along 
some meridian and unfolding it to form a 
flat surface. Notice in A Simple Conic Map 
the characteristic gap that appears between 
the meridians when the cone is unrolled. 





Simple Conic Map of Northern Hemisphere 
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STANDARD PARALLEL. If the cone is made 
tangent to some parallel of latitude, the 
length of this latitude on the projection is 
exactly the same length as the parallel on 
the reduced earth. This is called the stand- 
ard parallel. The scale along this parallel 
will be the same scale as on the reduced 
earth, and it is the only parallel that is 
shown in its correct length. It is possible 
to have more than one standard parallel on 
a conic projection, though not on a simple 
tangent conic projection. 

There are two classes of conic projections 
—one called a projection upon a tangent 
cone, and another called a projection upon 
a secant cone. The secant cone intersects 
the earth, cutting through it, and actually 
contacting the surface of the earth at two 
standard parallels as shown in A Secant 
Cone. The secant cone is the basis for most 
conic projections. 
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Secant Cone for a Conic Projection 
with Two Standard Parallels 


CONSTANT OF THE CONE. It has been 
shown how the cone may be used to con- 
struct a simple direct projection. The de- 
veloped cone shown in A Secant Map has 
been cut along a meridian and developed. 
The cone now forms a sector of a circle. 

The proportion of a circle which the 
developed cone will fill depends upon the 











360° ON EARTH = LESS THAN 
360° ON PROJECTION 


120° 





120° E 


Secant Conic Map 


latitude of tangency of a simple conic pro- 
jection, or the midlatitude between standard 
parallels of a secant conic projection. The 
closer the latitude of tangency is to the pole, 
the smaller the gap in the developed 
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cone. On the developed cone, the 360- 
degree change of longitude is represented 
by some angle less than 360 degrees. The 
ratio of the angle subtended by the arc AB 
to the 360 degrees of terrestrial longitude 
is termed the constant of the cone, and is 
denoted by the Greek letter n (eta). The 


constant of the cone, then, is the factor 
_ Angle between meridians on the projection. 


7 Actual change of longitude 
It should be noted that the angle between 
any two meridians on the projection is less 
than the actual change of longitude. 

Consider the two limiting cases of the 
cone, the cylinder and the plane surface, 
which are illustrated. With the cylindrical 
projection, the angle between meridians is 
0, and the constant of the cone of this pro- 
jection is therefore 0/360 or 0. The plane 
surface tangential to the pole represents 
meridians in the same angular relationship 
as on the earth at the pole, and the constant 
of the cone is 360/360 or 1. Since these are 
the limiting cases of the cone, we may con- 
sider the constant of the cone to vary be- 
tween 0 and 1. 


CONSTANT OF CONE = 0 


PARALLEL OF 
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Limiting Cases of the Cone 
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Convergence factor .78535 StaMdard Parallels 37° and 65° Scale 1:2,000,000 
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Convergence Factor is Given on JN Charts 


Computation of the constant of the cone 
for a given conic projection would be an 
involved procedure for most practicing nav- 
igators and is not generally done. However, 
most of today’s conic charts have the con- 
stant of the cone computed and listed on 
the chart as shown on the excerpt of the 
JN chart. 


CONVERGENCE ANGLE. As _ pointed out, 
the angles between meridians on the conic 
chart are less than their actual difference 
in longitude. When the cone is unfurled, 
360 degrees of longitude are squeezed into 
an area that is less than an actual 360- 
degree change. 

On a chart, the actual angle that a merid- 
ian makes with the prime meridian is called 
its convergence angle. 

A ratio exists between this angular 
change in meridians on the chart with re- 
spect to the actual change in longitude. As 
mentioned previously, it is called the con- 
stant of the cone and is expressed by the 
symbol n (eta). 


_ change in meridians on the chart 
~ actual change in longitude 


’ 


n =sine midlatitude of the standard parallels 


A conic projection based on standard 
parallels 37°N and 65°N has a convergence 
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factor (ny) =.78535. This means that on this 
chart the angle between 0°W and 100°W is 
78.535 degrees. 

The convergence angle of any meridian 
may be computed by multiplying the value 
of longitude by the constant of the cone 
(1) for that projection. Thus the converg- 
ence angle of the 106°W longitude on a 
conic chart with n equal to .78535 is .78535 
times 106° W or 83°15’. 

This constant of the cone or convergence 
factor is also equal to the sine of the lati- 
tude of the standard parallel of a conic pro- 
jection. For example, if the cone was tan- 
gential at 60°N, the convergence factor 
would be .866. Although not exactly correct, 
the same formula can be applied to the 
Lambert conformal projection by using the 
sine of the mean standard parallel. 

The correlation of this method of com- 
puting yn and the one previously described 
is fairly obvious because the location of the 
parallel directly influences the pitch of the 
cone, the size of the gap in the developed 
cone, and consequently the angular extent 
of the chart as shown in the illustration 
Finding the Constant of the Cone. 

The use of convergence will be discussed 
in greater detail in the chapter on Polar 
Navigation in Volume II. 
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METHOD 2 

STANDARD PARALLEL = 45° N 
SIN 45° = .707 

“. N = .707 


Finding the Constant of the Cone 


THE LAMBERT CONFORMAL CONIC PRO- 
JECTION. The Lambert conformal conic 
projection is a projection on which all 
meridians are straight lines that meet at 
a point. The parallels are arcs of concen- 
tric circles centered on this point. Merid- 
ians and parallels intersect at right angles, 
and the angle formed by any two lines on 
the earth’s surface is correctly represented 
on this projection. 

The projection is analagous to a cone in- 
tersecting the spheriod at two standard 
parallels. On the two selected parallels, arcs 
of latitude are represented in their true 
lengths or exact scale. Between these two 
parallels, the scale will be too small, and 
beyond them, too large. In general, for 


equal distribution of scale error, the stand- 
ard parallels are chosen as one-sixth and 
five-sixths of the total latitude band to be 
mapped. 

The property of conformality is the main 
feature which makes the Lambert con- 
formal so popular as a navigation chart. 
Other desirable features include nearly 
constant scale, approximation of great cir- 
cles by straight lines on the chart, and the 
fact that universal coverage can be ob- 
tained on the same type of projection. 


Correct and constant scale is an impossi- 
bility on any map; however, on the Lambert 
conformal, provided the standard parallels 
are suitably selected and the area projected 
is not too large, the scale may be considered 
constant for practical navigation work. 
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Lambert Conformal Conic Projection 


Properties. The Lambert conformal has 
the following properties: 


1. Meridians are represented by converg- 
ing lines intersecting the parallels, which 
are concentric arcs of circles, at right 
angles. 


2. Scale is correct along the two standard 
parallels. Scale is reduced equally along 
the parallels and meridians between the 
two standard parallels and expanded equal- 
ly outside them. 


38. Scale errors are small, so the scale 
may be considered constant over a single 
sheet. For a map of the United States, 
maximum scale error would be slightly in 
excess of one percent. It is well to note that 
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the maximum scale expansion on a Lambert 
conformal of a specific area is dependent 
upon the selection of the two standard 
parallels. 


4. A straight line approximately repre- 
sents a great circle. (This is illustrated in 
the Polar Navigation chapter of Volume II.) 


5. A rhumb line will be a curve concave 
to the nearer pole. 


6. The map is conformal and cannot be 
equal-area. 

The Modified Lambert Conformal. The 
Lambert conformal conic projection was 
modified by C. H. Ney during the second 
World War to provide better maps of Arc- 
tic Canada for navigational purposes. Ney’s 
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LAMBERT CONFORMAL, STANDARD PARALLELS AT 71° AND 89° 


Modified Lambert Conformal with ‘‘Gap"’ in Developed Cone Closed 


modification of the Lambert conformal 
merely takes the form of making the con- 
stant of the cone (ny) equal to one; Le., 
closing the gap in the cone. 

First, a Lambert conformal with stand- 
ard parallels at 71°N and 89°59’58”N was 
constructed, since it was found, by trial and 
error, that these standard parallels gave 
the smallest distribution of the scale error 
in the Canadian Arctic. The constant of the 
cone of this standard Lambert conformal 
was found to be .99737541, a close approxi- 
mation of unity. The resulting small gap in 
the developed cone was then closed as 
shown in the illustration by establishing the 
meridians on the assumption that n equalled 
1.0. This was done by dividing the circle 
into 360 parts and labeling each as a 
meridian. 


Obviously, in readjusting the spacing of 
the meridians along the parallels, scale 
along the parallels was altered. The paral- 
lels were stretched to close the gap, and 
scale at any one point on the map was no 
longer the same in all directions. The map, 
therefore, was no longer conformal. 

The resulting error in measuring east- 
west distances is about 0.3 of 1 percent, 
and maximum azimuth error is about 00° 
14’. As both scale and azimuth errors are 
relatively small, they are not valid objec- 
tions to the use of the modified projection 
for navigation or mapping purposes. For 
practical navigation purposes, the projec- 
tion is assumed to be conformal, though, 
as explained above, this is not true. 


The following three pages contain a sum- 
mary of charts. 


4F MANUAL 51-40 VOL 1 15 OCTCBER 1959 


5S U M M A R_ Y O F 


CHARACTERISTIC POLAR GNOMONIC EQUATORIAL GNOMONIC OBLIQUE GNOMONIC 
PARALLELS CONCENTRIC CIRCLES CURVED LINES CURVED LINES 
UNEQUALLY SPACED UNEQUALLY SPACED UNEQUALLY SPACED 
STRAIGHT LINES RADIATING PARALLEL STRAIGHT LINES STRAIGHT LINES 
FROM THE POLE UNEQUALLY SPACED CONVERGING AT THE POLE 


















L | \A | eas 
ANGLE BETWEEN 
PARALLELS & VARIABLE VARIABLE 
MERIDIANS 
whip sa VARIABLE ANGLE CONSTANT ANGLE VARIABLE ANGLE 
i i Great Circle 
MERIDIANS (Great Circle) (Great Circle) (Great Circle) 
GREAT CIRCLE STRAIGHT LINE STRAIGHT LINE STRAIGHT LINE 
eM UNE CURVED UNE CURVED LINE CURVED LINE 


* 
¢ ‘ . 
7. a ‘ . 
aR >. ay 
' . w : 
- * 
J. 
» ‘ 










* 













“ty, ——— : 
(treeeeoy 
Nuss 95/ 


>. ig aun 
Nw oh} § pe 
ee | 
SIH. a Sw 


- 


» 


ORIGIN OF CENTER OF SPHERE 
PROJECTORS CENTER OF SPHERE CENTER OF SPHERE 


DISTORTION OF INCREASES AWAY INCREASES AWAY 
SHAPES & AREAS | 'NCREASES AWAY FROM POLE | crow POINT OF TANGENCY FROM POINT OF TANGENCY 
METHOD OF 
PRODUCTION GRAPHIC OR MATHEMATICAL | GRAPHIC OR MATHEMATICAL GRAPHIC OR MATHEMATICAL 
NAVIGATIONAL GREAT CIRCLE GREAT CIRCLE GREAT CIRCLE 
USES ROUTE DETERMINATION ROUTE DETERMINATION ROUTE DETERMINATION 
CONFORMALITY NOT CONFORMAL NOT CONFORMAL NOT CONFORMAL 





w 
| i ce 


Digitized rv Google 








se = ere - Sea _— 
- TT ee eee ee aT a ae 








< 


——=—=_ = 


~ 


9 PROJECTION § 


POLAR STEREOGRAPHIC MERCATOR LAMBERT CONFORMAL -povveone 
CONCENTRIC CIRCLES PARALLEL STRAIGHT LINES Apis cuek., “Wrmmes coniitetercee 
UNEQUALLY SPACED UNEQUALLY SPACED NEARLY EQUALLY SPACED ON MID-MERIDIAN 
STRAIGHT LINES RADIATING PARALLEL STRAIGHT LINES STRAIGHT LINES MID-MERIDIAN STRAIGHT 
FROM THE POLE EQUALLY SPACED CONVERGING AT THE POLE OTHER CURVED 
; — a a 2. eREss GEES a ' 
Pde es PETA VA 
oz ese || 208 ale Pe 


Wy 
ORSTTAG 
ae SES 









Ws 


90° VARIABLE 
VARIABLE ANGLE CONSTANT ANGLE VARIABLE ANGLE ( vices San Cl | 
(Approximates Great Circle) (Rhumb Line) (Approximates Great Circle) 5 haces Me ny ht i 
APPROXIMATED CURVED LINE APPROXIMATED gi ereaacit Tike 
BY STRAIGHT LINE (Except Equator and Meridians) BY STRAIGHT LINE NEAR MID-MERIDIAN 
e CURVED LINE STRAIGHT LINE CURVED LINE CURVED LINE 
CONSTANT FOR SMALL AREAS 
EXCEPT poignrvenis prctier ARTS MID-LATITUDE NEARLY CONSTANT VARIABLE 
FOR LARGER AREAS 









eR f oh hecketh oF ea ia 1 
SULA epee ee CY Ty 
; | B \\ TJ 
) | | SiH, 


ws 2 


\\ 
CENTER OF SPHERE 
OPPOSITE POLE (For Illustration Only) CENTER OF SPHERE CENTER OF SPHERE 
INCREASES INCREASES 
INCREASES AWAY FROM POLE AWAY FROM EQUATOR et AWAY FROM MID-MERIDIAN 
GRAPHIC OR MATHEMATICAL MATHEMATICAL GRAPHIC OR MATHEMATICAL MATHEMATICAL 
DEAD RECKONIN 
PILOTAGE AND RADIO 
POLAR NAVIGATION, ALL TYPES AND CELESTIAL (Suitable for All types) GROUND FORCES MAPS 
(Suitable for All Types) 
NOT CONFORMAL 
CONFORMAL CONFORMAL CONFORMAL BUT IS USED AS SUCH 
ON VERY LARGE SCALE MAPS 


2-3 


aa 


Digitized by Google 


AF MANUAL 51-40 VOL 1 15 OCTOBER 1959 


TRANSVERSE MERCATOR AZIMUTHAL EQUIDISTANT 
ARCS OF ARCS OF 
CONCENTRIC CIRCLES CONCENTRIC CIRCLES niente eoaeans 
NEARLY EQUALLY SPACED NEARLY EQUALLY SPACED 
ee STRAIGHT LINES STRAIGHT LINES CURVED LINES 
CONVERGING AT THE POLE CONVERGING AT THE POLE CONVERGING AT THE POLE 
—s 









part tg VARIABLE ANGLE VARIABLE ANGLE Saninise daca 
(Approximates Great ) (Approximates Great Circle) 
MERIDIANS Circle 
ANY STRAIGHT 
APPROXIMATED APPROXIMATED 
GREAT CIRCLE LINE FROM CENTER 
CORRECT SCALE ON 
NEARLY CONSTANT NEARLY CONSTANT ALL STRAIGHT LINES 
THROUGH CENTER 








LLU IWS 






NOT PROJECTED 


.* 4 =e "th rr? Te i 
AA Ls : P 7 , ~y ? sad ‘ 74 a fi 
ORIGIN OF 
PROJECTORS CENTER OF SPHERE 


DISTORTION OF INCREASE OUTWARDLY INCREASES AWAY INCREASES FROM 
SHAPES & AREAS FROM CIRCUMFERENCE FROM STANDARD CENTER OUTWARD 
OF TANGENCY PARALLELS TO EDGES 


METHOD OF 
PRODUCTION MATHEMATICAL MATHEMATICAL MATHEMATICAL 
GROUND FORCE MAPS AND 
AIR SUPPORT CHARTS POLAR NAVIGATION STRATEGIC PLANNING 
GREAT CIRCLE NAVIGATION 


: Soe ea ates, 4 ak | _ Digitized » Google — 





Py 





AERONAUTICAL CHARTS 


An aeronautical chart is a pictorial rep- 
resentation of the earth and its culture. It 
can provide a picture of any region of the 
earth. Properly used, it is a vital adjunct 
to navigation; improperly used, it may even 
prove a hazard. Modern navigation would 
never have reached its present state of de- 
velopment without the aid of charts. Be- 
cause of their great importance, it is essen- 
tial that the navigator be thoroughly famil- 
iar with aeronautical charts and understand 
their uses. 


General Information 


PROJECTIONS. Aeronautical charts are 
produced on many different types of pro- 
jections, ranging from the equatorial Mer- 
cator for loran charts, to the transverse 
Mercator for polar regions. Since the de- 
mand for variety in charts is so great and 
the properties of the projections vary great- 
ly, there is no one projection that will satis- 
fy all the needs of contemporary navigation. 
The projection that most nearly answers all 
the navigator’s problems is the Lambert 
conformal, and this projection is the most 
widely used for aeronautical charts. 


COVERAGE. Aeronautical charts, in their © 


full range of projections, give world-wide 
coverage. Some single projections used for 
a single series of charts will cover nearly 
all the earth. It is safe to say that an aero- 
nautical chart of some projection can be ob- 
tained for any portion of the earth. It is also 
true that the accuracy of the information 
displayed on these charts will vary, but 
that, generally speaking, today’s world-wide 
aeronautical charts are very accurate rep- 
resentations of the earth’s surface. 


SCALE, RATIO OF CHART AND GEOGRAPH- 
ICAL DISTANCES. Obviously, maps are much 
smaller than the areas which they repre- 
sent. The ratio between length on a map 
and the true distance it represents on the 
earth is the scale of the map. The scale 
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may be relatively uniform over the whole 
map, or it may vary greatly from one part 
of the map to another. 


Maps are made to various scales for dif- 
ferent purposes. If a map is to show the 
whole world and yet not be too large, it 
must be drawn to small scale. If a map is 
to show much detail, it must be drawn to a 
large scale; then it shows a smaller area 
than does a map of the same size drawn to 
a small scale. Remember: large area, small 
scale; small area, large scale. 


The scale of a map may be given by a 
simple statement, such as, “1 inch equals 
10 miles.” This, of course, means that a 
distance of 10 miles on the earth’s surface 
is shown 1 inch long on the map. On aero- 
nautical charts the scale is indicated in one 
of two ways, representative fraction or 
graphic scale. 


Representative Fraction Indicates the 
Scale. The scale may be given as a repre- 
sentative fraction, such as, 1:500,000 or 
1/500,000. This means that one of any unit 
on the chart represents 500,000 of the same 
unit on the earth. For example, 1 inch on 
the chart represents 500,000 inches on the 
earth. 


A representative fraction can be convert- 
ed into a statement of miles to the inch. 
Thus, if the scale is 1:1,000,000, 1 inch on 
the chart stands for 1,000,000 inches or 
1,000,000 divided by (608012) equals 
about 13.7 nm. Similarly, if the scale is 
1:500,000, 1 inch on the chart represents 
about 6.85 mum. Thus, the larger the denom- 
inator of the representative fraction, the 
smaller the scale. 


Graphic Scale is Used for Distance Meas- 
uring. The graphic scale may be shown by 
a graduated line. It usually is found printed 
along the border of a chart. Take a measure- 
ment on the chart and compare it with the 
graphic scale of miles. The number of miles 
that the measurement represents on the 
earth may be read directly from the graphic 
scale. 
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Latitude Provides a Convenient Graphic Scale 


The distance between parallels of latitude 
also provides a convenient scale for dis- 
tance measurement. As shown in the accom- 
panying illustration, one degree of latitude 
always equals sixty nautical miles, and one 
minute of latitude equals one nautical mile. 


AERONAUTICAL CHART CATALOG. In order 
to ease the navigator’s work, the Aeronau- 
tical Chart and Information Center period- 
ically publishes a catalog of the aeronautical 
charts available. Contained within this pub- 
lication is a description (both written and 
pictorial) of all the charts available, plus 
the area covered by these charts. Specific 
demands for charts of any area can be satis- 
fied by reference to this catalog. Though 
this manual will contain a synopsis of mate- 
rial contained in that catalog, each naviga- 
tor should take the time to look through a 
copy of the catalog and familiarize himself 
with the contents. 


Types of Charts 


Aeronautical charts are differentiated on 
a functional basis by the type of informa- 
tion they contain. The name of the chart is 
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a reasonable indication of its intended use. 
Thus, a Consol chart has information need- 
ed by the navigator in order to use consol 
as a navigation aid; a Minimal Flight Plan- 
ning chart is primarily used in minimal 
flight planning techniques; and a Jet Navi- 
gation chart has properties that make it 
adaptable to the speed, altitude, and instru- 
mentation of jet aircraft. 


In addition to the specific type of infor- 
mation contained, charts vary according to 
the amount of information displayed. Charts 
designed to facilitate the planning of long 
distance flights carry less detail than those 
required for navigation en route. Local 
charts present great detail, and approach 
charts present a vast amount of specific in- 
formation relating to a small area surround- 
ing an airport. 

Most of the land and adjacent water 
areas of the earth are represented on the 
World Aeronautical Charts (WAC). These 
charts are reasonably representative of 
other charts because the type of symbols 
and the information contained on them are 
basic for understanding and _ interpreting 
most of the other charts available. 


WORLD AERONAUTICAL CHARTS. Each 
sheet of the WAC series covers 4 degrees 
of latitude, the range of longitude denend- 
ing upon the latitude. They are of uniform 
size, approximately 22 inches by 29 inches, 
and are all folded in the same manner. The 
projection is the Lambert conformal be- 
tween latitudes 0 degrees and 80 degrees, 
and the polar stereographic between 80 de- 
grees and 90 degrees. The scale on the 
WAC series is 1:1,000,000. As a result, 
equal distances on the earth appear approx- 
imately the same on all charts. 


The Lambert conformal projections are 
based on standard parallels constructed 40 
minutes within each 4-degree latitude band. 
This makes each chart a very accurate 
presentation of the earth, since there is 
little span between the standard parallels, 
and little room for distortion. The maximum 








scale change is .03 percent too small be- 
tween standard parallels, and .07 percent 
too large at 1°10’ beyond either parallel. 


Types of Information 


The portrayal of large amounts of infor- 
mation carried on most aeronautical charts 
is accomplished by use of standard symbols. 
While these symbols may vary slightly be- 
tween various projections, the amount of 
variance is slight, and once the basic sym- 
bol is understood, variations of it are easy 
to identify. 

This aeronautical information is classified 
under two large headings, aeronautical sym- 
bols and topographical symbols. Each of 
these headings is further subdivided as 
follows: 

Aeronautical Symbols: 

1. Aerodrome Information. 

2. Aeronautical Lights. 

3. Radio Facilities. 

4. Miscellaneous Aeronautical Symbols. 

Topographical Symbols: 

1. Culture. 

2. Relief. 


3. Water Areas. 


These symbols are displayed on the back 


of each WAC chart in the series. Most other 
charts which show similar information use 
exactly the same symbols or some symbol 
so closely related as to make the relation- 
ship clear. 


AERONAUTICAL SYMBOLS 


Aerodrome Information. It is impractica- 
ble to show all details of an aerodrome and 
its facilities by means of symbols on an 
aeronautical chart. As used in aeronautical 
charts, the word facilities refers, in general, 
to lighting such as beacons, landing lights, 
runway lights, etc., and provision for fuel 
or repair services, although it is often 
applied to other accommodations, such as 
radio, weather, passenger, telephone, and 
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taxi service. If the charted symbol of the 
aerodrome indicates “with facilities,” at 
least a minimum of lighting, fuel, and re- 
pair services can be expected. On the other 
hand, little or no service can be counted 
upon at an aerodrome marked with the 
“landing area” symbol. The facilities of 
those aerodromes which offer them are list- 
ed in the vicinity of the aerodrome symbol 
on the chart, and usually contained in a 
small box or some block arrangement of in- 
formation. 


Aeronautical Lights. In the United States, 
the principal lighted aids to navigation are 
the rotating light beacons. These are located 
at aerodromes and at intervals along the 
more difficult portions of the civil airways. 
The symbols for such beacons are shown 
on the back of WAC charts. The lights on 
these beacons rotate clockwise at five revo- 
lutions per minute and emit a single or mul- 
tiple beam. The beam is directed above the 
horizontal and appears as a sharply defined 
flash as it sweeps past the observer. Most 
of the rotating beams are white; however 
colored beams are used to indicate the fol- 


lowing: 
Civil land 
aerodrome 


Group flashing, 2 quick| Military land 
white and 1 green aerodrome 


Alternate white and Lighted water 
yellow aerodrome 
Alternate white and 
red Landmark 


A distinction should be made between the 
rotating lights just described and the red 
lights indicating hazards or obstructions. 
Most radio masts, water towers, and other 
tall structures are marked by red lights, 
particularly if they are in the vicinity of an 
aerodrome. These lights are either fixed 
(showing a steady light) or flashing. 


Radio Facilities. A discussion of the 
symbols for radio facilities is contained in 
the chapter on Radio. 







Alternate white and 
green 
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Miscellaneous Aeronautical Symbols. This 
group of symbols includes caution, danger, 
and control areas, information zones, civil 
airways, reporting points, compass roses, 
isogonic lines, etc. Most of the symbols are 
self-explanatory. 


TOPOGRAPHICAL SYMBOLS. 


Culture. Culture, as used in cartography, 
means those features resulting from the 
civilization and culture of the inhabitants, 
as contrasted with natural features. The 
shapes of large communities are shown if 
identifiable from the air. Public parks, 
reservoirs, or other features sometimes pro- 
vide characteristic patterns. Small towns 
and villages are particularly difficult to 
identify because of the absence of distin- 
guishing features, though it is sometimes 
possible to identify a town from the pattern 
of railroads and highways entering it or 
from an adjacent stream. 


Railroads and highways are usually quite 
conspicuous and frequently provide good 
landmarks in open country. At high altitude, 
it is sometimes difficult to distinguish be- 
tween a railroad and a highway. 


Dual highways, conspicuous when seen 
from an aircraft, are excellent guides en 
route. However, other main highways are 
often indistinguishable from minor roads 
having approximately the same _ width. 
Many country roads and trails seen from 
the air are not found on aeronautical charts; 
however, they sometimes point out land- 
marks that otherwise might escape de- 
tection. 


Bridges are usually charted, and, being 
easily seen, provide excellent geographical 
landmarks. A race track or an observatory 
is ordinarily quite conspicuous, but a look- 
out tower can be easily missed. 


Relief. Variations of ground elevations 
are shown on aeronautical charts by four 
methods: (1) gradient or tints, (2) contour 
lines, (3) hachures, and (4) spot elevations. 
The steepness of the terrain gradient is in- 
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dicated roughly by the spacing between 
contour lines. Steep cliffs and escarpments 
are sometimes indicated by hachures. 


The information presented by relief sym- 
bolization is important to navigators for 
several reasons: 


1. It gives the elevation along and adja- 
cent to the proposed route, from which the 
minimum safe altitude can be determined. 


2. Relief indicates the probability of suit- 
able areas for off-field emergency landing. 


3. The presentation of relief on an aero- 
nautical chart suggests possible air condi- 
tions. Turbulence is to be expected at low 
altitude over hilly terrain. Strong down- 
drafts and perhaps standing waves can be 
anticipated on the leeward side of mountain 
ranges. 


4. Relief lines provide a reasonable land- 
mark for positioning the aircraft. Use of 
relief marks for positioning is generally 
termed contour map-reading. 


Water Areas. This heading refers to ter- 
rain features associated with water. The 
water may be visible from the air during 
all seasons (perennial) or only during and 
shortly after a rainy season (nonperennial). 
Surface features such as rivers and lakes 
are quite conspicuous and provide the air 
navigator with excellent landmarks. In dry 
areas, the courses of streams are frequent- 
ly marked by increased vegetation along the 
banks or by a wash caused by erosion of a 
previously flowing or intermittent stream. 
Bodies of water may be distinguishable at 
night by the reflection of the moon or stars. 
The water symbols used on aeronautical 
charts are printed in blue. 


Procurement of Charts 


All charts listed in the Chart Catalog are 
available through the Aeronautical Chart 
and Information Center. Full instructions 
for the requisitioning of charts and other 
publications available are contained in the 
catalog. 


— SS —_— eK: 
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POSITION REFERENCING SYSTEMS 


The spherical coordinate system of lati- 
tude and longitude sometimes proves diffi- 
cult to use because its units of degrees, 
minutes, and seconds are not comparable to 
the normal] units of surface measurement. 
Further, the geographic graticule is not 
printed in its entirety on most topographic 
maps. 

Consideration for the above factors led 
to the development of military grid systems 
in an effort to simplify and increase the ac- 
curacy of position referencing. As early as 
World War I, the French superimposed a 
military grid on maps of small areas in 
order to contro] artillery fire. After World 
War I, a number of nations followed the 
example of the French and devised military 
grid systems for the use of their own 
military forces. 


Terms and Definitions 


Military grid. A military grid is com- 
posed of two series of equally spaced paral- 
lel lines perpendicular to each other. The 
grid is constructed by first establishing an 
origin. Next, perpendicular axes are drawn 
through the origin with one of them point- 
ing true north. North-south grid lines (east- 
ings) and east-west grid lines (northings) 
are then drawn parallel and perpendicular, 
respectively, to the north-south axis. On 
military maps of scale 1:75,000 and larger, 
the distance between successive grid lines 
(grid interval) represents 1,000 meters (or 
yards) at the scale of the map. The mili- 
tary grid is superimposed on charts and 
maps to permit accurate identification of 
ground positions and to allow the computing 
or measuring of correct distances and di- 
rections from one point to another. The 
origin is assigned false values to avoid co- 
ordinates of negative value. Grid lines are 
identified by grid line values printed in two 
sizes of type in the margin at each end of 
the grid line. For referencing purposes, only 
the grid line values printed in the larger 
type size (principal digits) increased by any 
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digits needed to express the reference to 
the desired degree of accuracy are used. 
Grid line values increase from west to east 
and from south to north. 

Position Referencing System. A position 
referencing system is any system which 
permits the designation of a point or an 
area on the earth’s surface, usually in terms 
of numbers or letters, or a combination 
thereof. 

Universal Transverse Mercator (UTM) 
Grid. The military grid employed for areas 
between 80°N and 80°S on charts and 
maps, except in areas for which British 
grids are prescribed. 

Universal Polar Stereographic (UPS) 
Grid. The military grid employed for areas 
beyond 80-degree parallels to the poles on 
charts and maps. 

British Grids. Prescribed for use in cer- 
tain areas (i.e., Africa) in which the grid 
data have not been converted to UTM grids. 
The ultimate plan of Army Map Service is 
to cover the world with a homogeneous sys- 
tem of UTM and UPS grids. Due to the tre- 
mendous task involved in converting the 
grid and control data, the transition in 
areas covered by British grids must of 
necessity be progressive. 

World Position Referencing System. Ref- 
erences for points taken from charts or 
maps not gridded with a military grid are 
expressed as geographic coordinates in 
terms of latitude and longitude. 

Military Grid Reference System (MGRS). 
A position referencing system developed for 
use with the Universal Transverse Merca- 
tor (UTM) and Universal Polar Stereo- 
graphic (UPS) grids. 

British Grid Reference System. The offi- 
cial system of referencing when using maps 
printed with a British military grid. 


World Geographic Reference System 
(GEOREF). A referencing system some- 
times employed by the Air Force in the 
control and direction of air forces engaged 
in operations not involving other military 
forces. 








General Information 


DEPARTMENT OF DEFENSE POLICY FOR 
POSITION REFERENCING. It is possible for 
today’s practicing navigator to encounter 
any or all of the basic reference systems 
discussed in this manual. The Department 
of Defense policy for position referencing 
procedures for joint use by all of the U. S. 
military services establishes two position 
referencing systems for all joint operations 
as follows: 


a. The system of geographic coordinates 
expressed in latitude and longitude. 


b. The Military Grid Reference System 
(MGRS) as developed for use with the 
UTM and UPS grids. 


RELATIONSHIP OF MILITARY GRIDS TO MAP 
PROJECTIONS. Because military grids are 
designed to permit accurate identification of 
ground locations and the computation of 
distance and direction from one point to 
another, and because all map projections 
have inherent distortion of scale and angles, 
it is essential that military grids be super- 
imposed upon projections having the least 
distortion. Conformal projections selected 
by the Department of Defense as having 
the least distortion of scale and angles for 


large and medium scale mapping are the. 


transverse Mercator for areas between 80° 
N and 80°S, and the polar stereographic 
for areas from 80-degrees latitude to the 
poles. 


Military Grid Reference System 


GENERAL DESCRIPTION. In this position 
referencing system, the surface of the earth 
is divided into a number of geographical 
areas, each of which is given a unique 
identification called the grid zone designa- 
tion. These areas in turn are subdivided 
into double-lettered 100,000 meter squares. 


GRID ZONE DESIGNATION FOR UTM GRIDS. 
Between 80°S and 80°N, the surface of the 
earth is divided into sixty north-south grid 
zones of 6 degrees longitude each. Starting 
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at the 180-degree meridian and proceeding 
eastward around the world and back to the 
starting point, the grid zones are numbered 
consecutively 1 through 60 as shown in 
Designation of UTM Grid Zones. 


The 6-degrees longitudinal grid zones are 
divided into twenty east-west rows of 8- 
degrees latitude each, lettered C through X 
from 80°S to 80°N, with I and O omitted. 


Through this division, the surface of the 
earth—excluding the polar areas—is divid- 
ed into twelve hundred 6-degree by 8-degree 
areas. The grid zone designation of each 
area is determined by reading first the grid 
zone number and then the row letter. 


The grid origin of each of the sixty UTM 
grid zones is the intersection of the zone 
central meridian with the equator. For ref- 
erencing purposes, the central meridian of 
each grid zone is assigned a grid value of 
500,000 meters. In the Northern Hemi- 
sphere, the equator has a grid value of 0 
meters; in the Southern Hemisphere, 10,- 
000,000 meters. In either hemisphere, the 
grid values increase from west to east and 
from south to north. 


GRID ZONE DESIGNATION FOR UPS GrIDs. 
The area from 80°S to the South Pole is 
divided into two equal areas by the 180- 
degree meridian and 0O-degree meridian. 
The half containing west longitudes has a 
grid zone designation of A; the half con- 
taining east longitudes, that of B. 


The area from 80°N to the North Pole 
is divided into two equal areas by the 0- 
degree meridian and 180-degree meridian. 
The half containing west longitudes has a 
grid zone designation of Y; the half con- 
taining east longitudes, that of Z. 


The grid origin of each UPS grid is its 
respective pole; the false coordinates for 
both the easting and northing at each 
origin are 2,000,000 meters. 


100,000-METER SQUARE IDENTIFICATION 
FOR UTM Grips. The UTM grid zones are 
subdivided into 100,000-meter squares. The 
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100,000 M row letter F at equator 
in even numbered zone. 


100,000 M row letter A at equator in odd numbered zone. 
100,000 M column letter. 


Basic Plan of the 100,000-Meter Square Identifications 
of the UTM Grids Between 80°S and 80°N 
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origin for subdivision and lettering identi- 
fication is the intersection of the 180-degree 
meridian and the equator. Excluding I and 
O, the 100,000-meter north-south columns 
are lettered A through Z from west to east 
and repeated every 18 degrees; the 100,000- 
meter east-west rows are lettered A 
through V from south to north and repeated 
every 2,000,000 meters, as shown in the 
illustration. 


The lettering of the 100,000-meter row 
letters in odd numbered UTM grid zones 
begins with A at the equator; row letters 
in even numbered UTM grid zones begin 
with F at the equator, A being 500,000 me- 
ters south of the equator. This staggering 
of row letters lengthens the distance be- 
tween 100,000-meter squares having the 
same two identification letters. 


Each 100,000-meter square is designated 
by a 100,000-meter square identification de- 
termined by “reading right up” first its col- 
umn letter and then its row letter. Normal- 
ly, this two-letter combination is not re- 
peated within 18 degrees in any direction. 


100,000-METER SQUARE IDENTIFICATION 
FOR UPS GRODDs. 


South polar area. In this area, grid north 
is coincident with the 0-degree meridian 


from the pole. In the half containing west | 


longitudes, the 100,000-meter columns are 
lettered J through Z from left to right; in 
the half containing east longitudes, they are 
lettered A through R in the same direction, 
with I and O omitted. To avoid confusion 
with 100,000-meter squares in adjoining 
UTM zones, the letters D, E, M, N, V, and 
W are also omitted. (See Designation of 
UPS Grid Zones (South Pole).) 


North polar area. A lettering plan simi- 
lar to that used in the south polar area is 
followed except that grid north is coinci- 
dent with the 180° meridian from the pole. 
(See Designation of UPS Grid Zones 
(North Pole) .) 


MILITARY GRID REFERENCE. A complete 
military grid reference consists of the fol- 
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lowing three elements written as a contin- 
uous group of letters and numbers without 
spacing or punctuation: 


1. Grid zone identification (number and 
letter for UTM grids and letter for UPS 
grids). Normally used when reporting be- 
yond 18 degrees in any direction or if a 
spheroid junction falls within 9 degrees 
north or south of the reference sheet. 


2. 100,000-meter square identification 
(two letters). Always used. 
3. Grid coordinates (numerical refer- 


ence). By using a map plotter, a point may 
be referenced to any reasonable degree of 
accuracy. 

Referencing examples of fix A from the 
military grid of the portion of a large scale 
map illustrated in Examples of Military 
Grid Reference are: 


1. 1000-meter grid square: EP1321 (prin- 
cipal digits of grid lines at south-west cor- 
ner of grid square in which located). 


2. To the nearest 1000 meters: EP1322 
(four digits) 


Scale 1:25,000 


BLACK NUMBERED LINES INDICATE THE 1,000 METER 
UNIVERSAL TRANSVERSE MERCATOR GRID, ZONE 13 






5] ]000m.6. 512 313 514 


Examples of Military Grid Reference 


2-45 


AF MANUAL 51-40 VOL 1 15 OCTOBER 1959 


3. To the nearest 100 meters: EP133218 
(six digits) 

4. To the nearest 10 meters: EP:3342179 
(eight digits) 

When referencing symbols, the center 
and the orientation of symbols usually cor- 
respond to the true center and orientation 
of the feature represented even though the 
size of the symbols is exaggerated. Refer- 
ences of symbols, whether for identifying or 
plotting, refer to their centers. Exceptions 
to this general rule are: 


Built-up areas of cities and metropoli- 
tan areas on aeronautical charts. 


Aerodrome boundaries on aeronautical 
charts. 


Runway patterns on the JN chart series. 


An MGRS reference is always expressed 
in terms of the 100,000-meter square iden- 
tification and the grid coordinates or numer- 
ical reference. The Grid Reference Box on 
each map or chart gridded with MGRS 
specifies when the grid zone designation 
must be used. 


MILITARY GRIDS ON MAPS AT SCALES 
LARGER THAN 1:100,000. 


General. Military maps at scales larger 
than 1:100,000 made by the Army Map 
Service are gridded with a major military 
grid and sometimes an overlapping military 
grid (when the area on the sheet lies within 
25 miles of a grid or spheroid junction), 
and in some instances a secondary or obso- 
lete military grid. Military grids are identi- 
fied by grid notes in the margin, usually 
printed in the same colors as those of the 
grid values. 


Major grid. The major military grid is 
indicated by full lines, with a grid interval 
of 1,000 meters. The grid values are printed 
in two sizes of type—the principal digits 
being in the larger size. Except for the first 
grid line in each direction from the south- 
west corner of the map sheet, the last three 
digits in small size type (000) of the values 
are omitted. On maps bearing two major 
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grids (as in the case of a grid or spheroid 
junction on the map), continuation of either 
grid in the area of the other is shown by 
extensions in the form of ticks. 


Overlapping grids. If any part of a map 
sheet falls within approximately 25 miles 
of a grid or spheroid junction that is off 
the sheet, the map usually bears the grid 
of the neighboring UTM or UPS zone. In 
such cases, the neighboring or overlapping 
grid is intended to facilitate computing for 
surveying and fire control purposes; it is 
not intended for use in referencing points 
in the overlap area. An overlapping grid is 
normally shown by ticks along the neatline. 


Secondary (obsolete) grids. Some areas 
now gridded with UTM or UPS grids may 
appear with an obsolete grid (U. S. Poly- 
conic, or certain British grids) on the sheet. 
This is a temporary procedure to provide a 
grid common to adjacent maps not gridded 
with the UTM or UPS grids. A UTM or 
UPS military grid is never a secondary 
grid. A secondary grid is normally shown 
by ticks along the neatline. 


British Grid Reference System 


GENERAL. There is no systematic global 
plan for the numerous British military 
grids. The British have established grid 
systems for different areas of the world. 
These area systems, devised and adopted at 
different times, are based on different map 
projections. Each grid has its own origin, 
arbitrary values for coordinates, and unit 
of measure. British grids are included in 
this manual] because a number of them are 
used today by armed forces of both Great 
Britain and the United States. In time, the 
Army Map Service will replace the British 
maps and grids with maps employing UTM 
grids on the transverse Mercator projection. 

A British grid is referred to as a grid, 
a zone, or a belt. Each grid, zone, and belt 
has a geographic name; i.e. Irish Grid, 
Northwest Africa Zone Grid, and Egypt 
Red Belt Grid. 
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1,300,000 
1,700,000 
2,200,000 
2,300,000 


2,400,000 
2,500,000 


Normal Lettering Plan for the 500,000 and 100,000 
Unit Squares of British Grid System 


British grid systems divide areas into 
100,000-unit squares. Twenty-five of these 
100,000-unit squares comprise the next 
larger area to form a 500,000-unit square, 
in which the component twenty-five 100,000- 
unit squares are normally lettered A 
through Z, omitting the letter I. The illus- 
tration shows how twenty-five of the 
500,000-unit squares are assembled and let- 
tered to form the largest unit area in the 
British Grid system. 


REFERENCING FROM A BRITISH GRID. In 
making a reference, the 100,000-unit square 


letter always precedes the grid coordi- 
nates if it is identified. If the 100,000-unit 
square letter is not identified, the grid co- 
ordinates must be preceded by the sheet 
number. 

Because there are numerous exceptions 
to the foregoing caused by variations in 
projection, units of measure, and size of 
areas, each map sheet gridded with a Brit- 
ish grid is provided with a grid reference 
box to give specific instructions for making 
a reference. Always consult the grid refer- 
ence box whén referencing from a British 
grid. 
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180° 150° 120° 90° 60° 


North Pole 


South Pole 





00° 30° 60° 90° 120° 150° 180° 


Index of GEOREF 15° Quadrangels 


World Geographic Reference System 


GENERAL. The grid of the World Geo- 
graphic Reference System (GEOREF) is 
based on the normal longitude and latitude 
divisions that appear on all charts. Actual- 
ly, this referencing system defines the unit 
geographic area in which a specific point 
lies. It may be applied to any chart regard- 
less of its projection. The origin of the grid 
is the 180th meridian and the South Pole. 
In the GEOREF system, all coordinates are 
read to the right and up, and always refer 
to the southwest corner of the area in 
which a point lies. 


DETAILED DESCRIPTION. The surface of 
the earth is divided into twenty-four longi- 
tudinal zones of 15 degrees each which are 
lettered A through Z (I and O omitted) 
eastward from the 180th meridian. These 
north-south zones are divided into twelve 
bands of latitude, each band having a lati- 
tude extent of 15 degrees and lettered A 
through M (omitting I) from the South to 
the North Pole. Through this division, the 
surface of the earth is divided into 288 
basic 15-degree quadrangles, each of which 
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is identified by two letters. The first letter 
is that of its column or zone, and the second, 
that of its row or band of latitude. On very 
small scale charts, the letter designators 
are shown in large letters in the south- 
west corner of each 15-degree area. On 
larger scale charts, the 15-degree designa- 
tors are shown in the area between the neat- 
line and border. When the southwest corner 
of a 15-degree quadrangle falls in the chart 
area, the designators are also shown in the 
southwest corner of the quadrangle. An 
index of GEOREF 15-degree areas is illus- 
trated. 


Each basic 15-degree quadrangle is di- 
vided into fifteen lettered 1-degree columns 
and fifteen lettered 1-degree rows. The col- 
umns are lettered A through Q from west 
to east, with the rows having the same let- 
tering but from south to north. In each in- 
stance, I and O are omitted. Thus, two 
additional letters will identify any 1-degree 
quadrangle on the earth’s surface. These 
1-degree designators appear in the south- 
west corner of each 1l-degree quadrangle. 
The alphabetical breakdown of a 15-degree 
quadrangle is illustrated. In Examples of 











Q 
P 
N 
M 
L 
K 
J 
H 
G 
F 
E 
D 
C 
B 
A 


Alphabetical 1° Breakdown of GEOREF 15° 
Quadrangles 


GEOREF Coordinates, the town of Eliza- 
beth is located in 15-degree quadrangle FJ 
and in l-degree quadrangle AK. Thus, its 
GEOREF reference to 1 degree is FJAK. 

Each l-degree quadrangle is subdivided 
into sixty l-minute columns and rows. The 
columns are numbered 1 through 60 from 


west to east. The rows are numbered from. 


1 through 60 also, but from south to north. 
Thus, four letters and four numbers will 
identify a l-minute quadrangle anywhere 
in the world. This breakdown permits the 
location of a point within approximately one 
nautical mile. In Examples of GEOREF 
Coordinates, the GEOREF reference of the 
town of Elizabeth to 1 minute is FJ AK2321. 
Note that the numbers 2321 are the refer- 
ence of the southwest corner of the 1-minute 
quadrangle in which the town is located. 


SPECIAL REFERENCING PROBLEMS. In ad- 
dition to making basic area references, it is 
often necessary in air operations to indicate 
large areas and altitude. Adaptations of the 
World Geographic Reference System with 
respect to these requirements follow. 
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Examples of GEOREF Coordinates 


wee | ee 


To designate a rectangular or square area 
other than the basic area referred to in the 
World Geographic Reference System, the 
following procedure will be used: 


1. Read the GEOREF coordinates of the 
southwest corner of the area. 


2. Immediately following the GEOREF 
coordinates, add the letter “S” (denoting 
“‘side”). 

3. Add digits defining the west to east 
extent of the area in nautical miles. 


4. Add the letter “X’ (denoting “multi- 
plied by’’). 

5. Add digits defining the south to north 
extent of the area in nautical miles. 


6. The designation of the rectangular 
area in the illustration is EJQK2015S10x 
12. 

To designate a circular area, reference its 
center by normal GEOREF coordinates, add 
the letter “R” (denoting ‘“radius”) and 
digits defining the radius in nautical miles. 
Thus, the designation of the circular area 
in the illustration is EJQK4550R12. 


2-49 


AF MANUAL 51-40 VOL 1 15 OCTOBER 1959 


An altitude reference will be designated 
by the letter “H” (denoting “height’’) fol- 
lowed by digits, such as ‘‘H10.” Two digits 
will indicate thousands of feet, the most 
common reference. Should greater precision 
be required, use three digits to indicate 
hundreds, four digits to indicate tens, and 
five digits to indicate units of feet. 

To designate Greenwich time, the letter 
“Z” is used, followed by two or four digits 
representing hours or hours and minutes of 
the twenty-four hour clock. 


APPLICATION AND USE OF GEOREF. All 
elements of Air Force will use GEOREF 
for position reporting, target designation, 
etc. This requirement precludes in no way 
the use of normal latitude and longitude for 
navigational or other suitable purposes. 

GEOREF is used in the control and di- 
rection of forces engaged in air defense. 

GEOREF may be used in all air opera- 
tions (strategic air operations, air-sea res- 
cue operations, and tactical air operations) 
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other than air support of amphibious and 
land combat operations, in which case the 
cooperating air forces will employ a grid 
referencing system according to the policy 
established by the Department of Defense. 


Summary 


The UTM, UPS, and GEOREF systems 
are all designed to facilitate location of 
definite points on the earth’s surface. They 
are used primarily when other conventional 
methods are difficult to use. The various 
grid systems used for position location 
should not be confused with the grid direc- 
tional systems. Grid directional overlays 
are used in polar navigation. The primary 
purpose of a grid directional system is to 
establish a reference direction with regard 
to some point other than the North Pole. A 
full explanation of the construction and use 
of the grid directional overlay will be given 
in the chapter on Polar Navigation in 
Volume II. 








Basic. 


Chapter 





Instruments 


Instruments mechanically measure physi- 
cal quantities or properties with varying 
degrees of accuracy. Much of a navigator’s 
work consists of applying corrections to the 
indications of the various instruments and 
interpreting the results. The navigator 
must be familiar with the capabilities and 
limitations of the instruments available to 
him. 

An air navigator obtains the following 
information from instruments: 


1. Direction. 
2. Altitude. 
3. Temperature. 


4. Speed. 


In this section, some of the basic indi- 
cators are discussed. The more complex in- 
struments which make accurate, long dis- 
tance navigation possible are discussed in 
Volume II. 


DIRECTION 


Direction is obtained from a compass. 
There are many types of compasses, both 
magnetic and nonmagnetic, but only the 
basic magnetic compass and the elementary 
nonmagnetic (gyro) compass are discussed 
in this section. 


Magnetism 


It has long been known that certain sub- 
stances have the power to attract pieces of 


iron. As early as 600 B.C., Thales of Miletus 
is supposed to have described the property 
of a lodestone, a natural magnetic oxide of 
iron found in many localities. 


When a needle of lodestone or magnetized 
iron is pivoted at its midpoint, it will rotate 
until one end points in a northerly direction. 
Since the same end of the needle always 
points north, it is called the north-seeking 
end or north pole of the “magnet.” The 
other end of the needle is called the south 
pole. Thus, a magnetized needle, free to 
turn in the horizontal plane, becomes a sim- 
ple compass. When two magnets are held 
near each other, the north pole of one re- 
pels the north pole and attracts the south 
pole of the other. Hence, the rule: Like 
poles repel, unlike poles attract. 


The Earth's Magnetic Field 


The earth has some of the properties of 
a bar magnet; however, its magnetic poles 
are not located at the geographic poles, 
nor are the two magnetic poles located ex- 
actly opposite each other as on a straight 
bar. The north magnetic pole is located ap- 
proximately at latitude 73°N and longitude 
100°W, on Prince of Wales Island. The 
south magnetic pole is located at latitude 
68°S and longitude 144°E, on Antarctica. 

The earth’s magnetic poles, like those of 
any magnet, can be considered to be con- 
nected by a number of lines of force. These 
lines result from the magnetic field which 
envelops the earth. They are considered to 
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LIKE POLES UNLIKE POLES 
REPEL ATTRACT 


Of Hx 





Magnetic Force has Direction and Strength 


be emanating from the south magnetic pole 
and terminating at the north magnetic pole 
as illustrated. These lines of force are indi- 
cated by the direction that a tiny bar mag- 
net assumes when it is free to rotate in the 
earth’s magnetic field. 

A magnetized needle, being restricted of 
movement by the earth’s magnetic field, 
would point along a line called the magnetic 
meridian. If the earth were perfectly sym- 
metrical and magnetically homogeneous, its 
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magnetic poles would be 180 degrees apart, 
and its magnetic meridians would be great 
circles joining these poles. This is not the 
case, however, and the magnetic meridians 
form irregular curves. 


The force of the magnetic field of the 
earth can be divided into two components: 
the vertical and the horizontal. The relative 
intensity of these two components varies 
over the earth so that, at the magnetic 
poles, the vertical component is at maxi- 
mum strength and the horizontal compo- 
nent is minimum. At approximately the 
midpoint between the poles, the horizontal 
component is at maximum strength and the 
vertical component is minimum. Only the 
horizontal component is used as a directive 
force for a magnetic compass. Therefore, a 
magnetic compass loses its usefulness in 
an area of weak horizontal force such as the 
area around the magnetic poles. 


The vertical component causes the end 
of the needle nearer a magnetic pole to tip 
as the pole is approached. This departure 
from the horizontal is called ‘magnetic 
dip.” In the illustration, the lengths of 
the arrows show the relative strengths of 
the horizontal and vertical components and 
total intensity at several positions. 


COMPASSES 


A compass may be defined as an instru- 
ment which indicates direction over the 
earth’s surface with reference to a known 
datum. Various types of compasses have 
been developed, each of which is distin- 
guished by the particular datum used as the 
reference from which direction is measured. 
Three basic types of compasses are in 
current use. 


The magnetic compass uses the lines of 
force of the earth’s magnetic field as a 
primary reference. Even though the earth’s 
field is usually distorted by the presence of 
other local magnetic fields, it is the most 
widely used directional reference. 














@ 


The gyrocompass uses as its datum an 
arbitrary fixed point in space determined 
by the initial alignment of the gyroscope 
axis. Compasses of this type are widely used 
today and may eventually replace the mag- 
netic compass entirely. 

The astrocompass establishes direction 
relative to the known true bearing of a 
celestial body. This reference bearing is 
either computed or determined indirectly 
by making various settings on the instru- 
ment. Its use in aircraft is restricted to in- 
termittent checking of the indications of 
the steering compass. 

All three basic types of compasses are 
discussed in this manual. The magnetic 
compass and gyrocompass are covered in 
this chapter, with the astrocompass dis- 
cussed in the Instruments chapter of Vol- 
ume II, which also explains the gyro sta- 
bilized magnetic compass that utilizes the 
properties of both the magnetic compass 
and gyrocompass. 


The Magnetic Compass 


The magnetic compass is an instrument 
which indicates direction in the horizontal 
plane with reference to the horizontal com- 
ponent of the earth’s magnetic field. This 
field is made up of the earth’s magnetic 
field in combination with other magnetic 
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fields in the vicinity of the compass. These 
secondary magnetic fields are caused by the 
presence of ferromagnetic objects, etc. 
Magnetic compasses may be divided into 
two classes. These are: 


1. The direct indicating magnetic com- 
pass in which the measurement of direction 
is made by a direct observation of the posi- 
tion of a pivoted magnetic needle. This basic 
type is enlarged upon in this section. 


2. The remote indicating magnetic com- 
pass in which the magnetic direction is 
sensed by an element located at positions 
where local magnetic fields are at a mini- 
mum, such as the wing tips. The direction 
is then transmitted electrically to repeater 
indicators on the instrument panels. 


DIRECT INDICATING MAGNETIC COMPASS. 
Basically, the magnetic compass is a mag- 
netized rod pivoted at its middle, but sev- 
eral features have been incorporated in its 
design to improve its performance. One 
type of direct indicating magnetic compass, 
the B-16 compass, often called the pilot’s 
compass, is illustrated. It is used as a stand- 
by compass in case of failure of the elec- 
trical system that operates the remote 
compasses. It is a reliable compass and will 
give good navigational results if used care- 
fully. There are two parts of this compass 
that are important to the navigator, the 
compass card and the lubber line. 
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The card is mounted in a bow! filled with 
a good quality kerosene. The kerosene par- 
tially floats the card, thereby taking some 
of the weight off the pivot that supports it. 
The kerosene also decreases the oscillation 
of the needle and lubricates the pivot. The 
magnets are mounted on the card which re- 
mains aligned with magnetic north as the 
aircraft turns about it. A compass rose, 
graduated in l-degree intervals on some 
models and in 5-degree intervals on other 
models, is attached to the card. On the re- 
verse side of the compass (the side toward 
the tail of the aircraft), there is a glass win- 
dow through which the compass is read. 
Down the center of the window there is a 
lubber line corresponding to the longitu- 
dinal axis of the aircraft. The card is read 
against this line. Because the card is read 
from the reverse side, it is necessary that 
it bé numbered with 180-degree ambiguity 
to give proper readings. 

Concealed in the compass on the opposite 
side from the window is an expansion- 
contraction cell to take care of expansion 
of the liquid under different temperatures. 
On top of the compass case there are two 
small magnets that can be rotated in rela- 
tion to the compass to counteract deviation. 
The use of these adjustments will be ex- 
plained later. 


MAGNETIC COMPASS ERRORS. It has been 
stated that the earth’s magnetic poles are 
joined by irregular curves called magnetic 
meridians. The angle formed at any point 
between the magnetic meridian and the 
geographic meridian is called the magnetic 
variation. Variation is listed on the charts 
as east or west. When variation is east, 
magnetic north is east of true north. Simi- 
larly, when variation is west, magnetic 
north is west of true north. Lines connect- 
ing points having the same magnetic varia- 
tion are called isogonic lines, as shown. 
Magnetic variation is an error which must 
be corrected if a compass indication is to 
be converted to true direction. 

Another error with which a navigator is 
concerned is caused by nearby magnetic in- 
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Variation is Angle Between Magnetic 
Heading and True Heading 


fluences, such as those related to magnetic 
material in the structure of the aircraft 
and its electrical systems. These magnetic 
forces deflect a compass needle from its 
norma! alignment with a magnetic meridian. 
The amount of such deflection is called 
deviation, which, like variation, is labeled 
east or west as the north seeking end of 
the compass is deflected east or west of 
magnetic north, respectively. 


The correction for variation and devia- 
tion is usually expressed as a plus or minus 
value and is computed as a correction to 
true heading. If variation or deviation is 
east, the sign of the correction is minus, 
and if west, the sign is plus. A rule of 
thumb for this correction is easily remem- 
bered as East is least and west is best. 


Aircraft headings are expressed in vari- 
ous ways, according to the basic reference 
for the heading. If the heading is measured 
in relation to geographical north, it is a 
true heading. If the heading is in reference to 
magnetic north, it is a magnetic heading, 
and if it is in reference to the compass 
lubber line, it is a compass heading. Com- 
pass heading differs from true heading by 
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To Find True Heading, Work Backwards 


the amount of variation and deviation en- 
countered. Magnetic heading varies from 
true heading by the amount of variation. 

This relationship is best expressed by 
reference to AF Form 21 (Navigator’s 
Log), where the various headings and cor- 
rections are listed as: TH, Var, MH, Dev, 
CH. Thus, if an aircraft is flying in an area 
where the variation is 10°E and the com- 
pass has a deviation of 3°E. the relation- 
ship would be expressed as follows, assum- 
ing a compass heading of 125 degrees: 


TH Var MH Dev CH 
1388 — 10 = 128 —3 =125 
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Variation and Deviation. Variation has 
been measured at a great many places 
throughout the world, and the values so 
found have been plotted on charts. For con- 
venience, isogonic lines have been drawn 
through all points having the same varia- 
tion. The illustration, Isogonic Lines, is a 
simplified chart showing world-wide cov- 
erage of variation. Isogonic lines are printed 
on most charts used in aerial navigation so 
that, if a navigator knows his approximate 
position, he can determine the amount of 
variation by visual interpolation between 
the printed lines. The values printed on 
the charts, however, represent the varia- 
tion at ground level and not necessarily that 
at altitude. The amount that variation 
changes with altitude is not precisely 
known. However, for practical purposes, it 
can be considered the same at ground level 
and at all altitudes. 

Variation changes slowly over a_ period 
of years and the yearly amount of such 
change is printed on most charts. Variation 
is also subject to small diurnal (daily) 
changes which may generally be neglected 
in air navigation. 


Since deviation depends upon the distri- 
bution of magnetic forces in the aircraft 
itself, it must be obtained individually for 
each magnetic compass on each aircraft. 
The process of determining deviation, 
known as compass swinging, is fully dis- 
cussed in the technical order for each 
compass, and also covered in Volume II in 
the advanced instruments chapters. 

Deviation changes with heading as shown 
in the captioned illustration. Suppose the 
net result of all inherent magnetic forces 
of the aircraft (those forces excluding the 
earth’s field) is represented by a circle in 
the longitudinal axis located just behind the 
wings of the aircraft. If the aircraft is 
headed toward magnetic north, the circle 
attracts one pole of the magnetic compass 
(in this case, the south pole), but on this 
heading does not change its direction. The 
only effect is to amplify the directive force 
of the earth’s field. Suppose now that the 
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aircraft heads toward magnetic east. Refer- 
ence to the illustration shows that the cir- 
cle is now west of the compass, in which 
position it attracts the south pole of the 
compass and repels the north pole, causing 
easterly deviation. The _ illustration also 
shows that the deviation is zero on a south 
heading, and westerly when the aircraft is 
heading west. Deviation can be reduced in 
some of the more basic compasses, such as 
the B-16, by changing the position of the 
small compensating magnets in the compass 
case; however, it is usually not possible to 
remove all of the deviation on all the head- 
ings. The deviation that remains is referred 
to as residual deviation and can be deter- 
mined by comparison with true _ values. 
After such deviation has been determined, 
it is recorded on a deviation card which 
shows the actual deviation on various head- 
ings, or more frequently, the compass head- 
ings for various magnetic headings as 
illustrated. 

From the deviation card illustrated, the 
navigator knows that in order to fly a 
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Deviation Changes with Heading 


magnetic heading of 270 degrees, the pilot 
must steer a compass heading of 268 de- 
grees. Deviation cards should be mounted 





Deviation Card 
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Compass Card in Normal and Banked Position 


near the compasses to which they refer, 
with copies convenient to the navigator. 


Errors in Flight. Unfortunately, varia- 
tion and deviation are not the only errors of 
a magnetic compass. Additional errors are 
introduced by the motion of the aircraft 
itself. These errors may be classified as: 


1. Northerly turning error. 
. Speed error. 

. Heeling error. 

. Swirl error. 


oO F» WwW NN 


. Yaw error. 


Northerly turning error is maximum dur- 
ing a turn from a north or a south heading, 
and is caused by the action of the vertical 
component of the earth’s field upon the 
compass magnets. When the aircraft is in 
straight and level flight, the compass card 
is balanced on its pivot in approximately a 
horizontal position. In this position, the 
vertical component of the earth’s field is 
not effective as a directive force. However, 
i!’ the aircraft is on a north heading (in the 
Northern Hemisphere) and turns to the 
right in a properly banked attitude, the 
compass card also banks as a result of the 
centrifugal force acting upon it. The ver- 
tical component of the earth’s field now 
causes the compass card to rotate toward 
the right (east) as illustrated. This tempo- 
rary deflection is called northerly turning 
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error. Had the turn been to the left, the 
error would have been westerly. If the 
turn had been made from a heading of 
south, the direction of the above errors 
would have been reversed. It is apparent 
that precise turns are difficult by reference 
to such a compass. This error can be vir- 
tually eliminated by reference to a gyro 
stabilized system. 


If an aircraft flying an east or west 
heading changes speed, the compass card 
tends to tilt forward or backward. The ver- 
tical component then has an effect as in a 
turn, causing an error which is like north- 
erly turning error but is known as speed 
error. If an aircraft is flying straight but 
in a banked attitude, a heeling error may be 
introduced due to the changed position, with 
respect to the compass magnets, of the 
small compensating magnets in the case 
and other magnetic fields within the air- 
craft. The heading on which heeling error 
is maximum depends upon the particular 
situation. Swirl error may occur when the 
liquid within the compass case is set in mo- 
tion during a turn. Finally, yaw error may 
occur if a multi-engined aircraft is yawing 
about its vertical axis due to difference in 
power settings of the engines. 

Although a basic magnetic compass, such 
as the B-16 or standby compass, has num- 
erous shortcomings, it is simple and relia- 
ble. The compass is very useful to both the 











pilot and navigator and is carried on all 
aircraft as an auxiliary. Since most modern 
compass systems are dependent upon the 
electrical system of the aircraft, a loss of 
power means a loss of the compass system. 
For this reason, a constant check on the 
standby compass will provide a good check 
on the electrical compass systems of the 
aircraft. 


The Gyrocompass 


The gyrocompass system was developed 
to offset some of the errors in the magnetic 
compass system and to attempt to provide 
a more reliable and more universal direc- 
tional device. Nearly all of today’s aircraft 
are equipped with some sort of gyro stabi- 
lized steering device. In fact, it seems that 
the gyro may well become the primary 
directional reference in modern aircraft. 
Many different compass systems have been 
developed using combined gyro and mag- 
netic references. This section of the manual 
deals with only the most elementary direc- 
tional gyro. Further details on gyros and 
specific compass systems are contained in 
the advanced instruments chapter of Vol- 
ume IT. 


THE Gyro. Any spinning body exhibits 


gyroscopic properties. A wheel designed 


and mounted to utilize these properties is 
called a gyroscope or gyro. Basically, a gyro 
is a rapidly rotating mass which is free to 
move about one or both axes perpendicular 
to the axis of rotation and to each other. 
The three axes of a gyro, namely, spin azis, 
drift axis, and topple axis are defined as 
follows: 


1. In a directional gyro, the spin axis or 
axis of rotation is mounted horizontally as 
shown. 


2. The topple axis is that axis in the 
horizontal plane that is 90 degrees from the 
spin axis. 


3. The drift axis is that axis 90 degrees 
vertically from the spin axis. 
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Gyroscope Axes 


Gyroscopic drift is the horizontal rota- 
tion of the spin axis about the drift axis. 
Topple is the vertical rotation of the spin 
axis about the topple axis. These two com- 
ponent drifts result in motion of the gyro 
called precession. 


A freely spinning gyro tends to maintain 
its spin axis in a constant direction in space, 
a property known as rigidity in space or 
gyroscopic inertia. Thus, if the spin axis of 
a gyro were pointed toward a star, it would 
rotate at the same rate as the star and keep 
pointing at the star. Actually, the gyro 
does not move, but the earth moving be- 
neath it gives it an apparent motion. This 
apparent motion shown in the captioned 1l- 
lustration is called apparent precession. The 
magnitude of apparent precession is de- 
pendent upon latitude. The horizontal com- 
ponent, drift, is equal to 15 degrees per 
hour times the sine of the latitude, and the 
vertical component, topple, is equal to 15 
degrees per hour times the cosine of the 
latitude. 


These computations assume the gyro is 
stationary with respect to the earth. How- 
ever, if the gyro is to be used in a high 
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Apparent Precession 


speed aircraft, it is readily apparent that 
its speed with respect to a point in space 
may be more or less than the speed of rota- 
tion of the earth. If the aircraft in which 
the gyro is mounted is moving in the same 
direction as the earth, the speed of the 
gyro with respect to space will be greater 
than the earth’s speed. The opposite is true 
if the aircraft is flying in a direction oppo- 
site to that of the earth’s rotation. This 
difference in the magnitude of apparent 
precession caused by transporting the gyro 
over the earth is called transport precession. 

A gyro may precess because of factors 
other than the earth’s rotation. When this 
occurs, the precession is labeled real pre- 
cession. When a force is applied to the 
plane of rotation of a gyro, the plane tends 
to rotate, not in the direction of the applied 
force, but 90 degrees around the spin axis 
from it. This torquing action, shown in the 
illustration, may be used to control the gyro 
by bringing about a desired reorientation of 
the spin axis, and most directional gyros 
are equipped with some sort of device to 
introduce this force. 

However, friction within the bearings of 
a gyro may have the same effect and cause 


a certain amount of unwanted precession. 
Great care is taken in the manufacture and 
maintenance of gyroscopes to eliminate this 
factor as much as possible, but, as yet, it 
has not been possible to eliminate it entire- 
ly. Precession caused by the mechanical 
limitations of the gyro is called real or 
induced precession. The combined effect of 
apparent precession, transport precession, 
and real precession produce the total pre- 
cession of the gyro. 


The properties of the gyro that most con- 
cern the navigator are rigidity and preces- 
sion. By understanding these two properties, 
the navigator is well equipped to use the 
gyro as a reliable steering guide. 


THE DIRECTIONAL GYRO. The discussion 
thus far has been of a universally mounted 
gyro, free to turn in the horizontal or ver- 
tical, or any component of these two. This 
type of gyro is seldom, if ever, used as a 
directional gyro. When the gyro is used as 
a steering instrument, it is restricted so 
that the spin axis remains parallel to the 
surface of the earth. Thus, the spin axis is 
free to turn only in the horizontal plane (as- 
suming the aircraft normally flies in a near 
level attitude), and only the horizontal com- 
ponent (drift) will affect a steering gyro. In 
the terminology of gyro steering, precession 
always means the horizontal component of 
precession. 


The operation of the instrument depends 
upon the principle of rigidity in space of 
the gyroscope. Fixed to the plane of the spin 
axis is a circular compass card, similar to 
that of the magnetic compass as shown in 
the cutaway view. Since the spin axis re- 
mains rigid in space, the points on the card 
hold the same position in space relative to 
the horizontal plane. The case, to which the 
lubber line is attached, simply revolves 
about the card. 


It is important at this point to understand 
that the numbers on the compass card have 
no meaning within themselves, as on the 
magnetic compass. The fact that the gyro 
may indicate 100 degrees under the lubber 











AF MANUAL 51-40 VOL 1 15 OCTOBER 1959 


PLANE OF 
ROTATION 





PLANE OF 
FORCE 


Precession of a Gyroscope Resulting from an Applied Deflective Force 


CONNECTION TO 
VACUUM PUMP 










ROTOR BUCKETS 





CYLINDRICAL DIAL 


CENTRALIZING LEVER 


CAGING KNO6 
ENTRALIZING LEVER 


SHAFT SPRING 


SYNCHRONIZER RING GEAR 


| SYNCHRONIZER 
PINION GEAR 


Cutaway View of a Directional Gyro 


3-11 


AF MANUAL 51-40 VOL 1 15 OCTOBER 1959 








STANDARD DATUM PLANE 
SEA LEVEL 


. ee 
= SS 
: a _ 
“ . ae 
rd 8 ¢ ; 
sew i i 
tot ee “ , 
ee eyt Ee igs \ 
; ae car ee 
- pet BO ee -% 
+ Eee shah a 
. 7-8 “ re ‘ : 


Ca a A ae 


ABSOLUTE ALTITUDE 






en 


TRUE ALTITUDE 


Types of Altitude 


line is not an indication that the instrument 
is actually oriented to magnetic north, or 
any other known point. In order to steer by 
the gyro, it must first be set to a known 
direction or point. Usually, this is magnetic 
north or geographic north, though it can 
be at any known point. If, for example, mag- 
netic north is set as the reference, al] head- 
ings on the gyro read relative to the posi- 
tion of the magnetic poles. 

The actual setting of the initial reference 
heading is done by utilizing the principle 
discussed earlier of torque application to 
the spinning gyro. By artificially introducing 
precession, the gyro can be set to what- 
ever heading is desired and can be reset 
at any time using the same technique. 


GYROCOMPASS ERRORS. The major errors 
affecting the gyro and its use as a steering 
instrument is precession. Apparent preces- 
sion will cause an apparent change of head- 
ing equal to 15 degrees per hour times the 
sine of the latitude. Real precession, due to 
defects in the gyro, may occur at any rate. 
This type of precession has been greatly re- 
duced by the high precision of modern 
manufacturing methods. Apparent preces- 
sion is a known value depending upon loca- 
tion and can be compensated. In some of 
the more complex gyro systems, (i.e. the 
N-1 compass system, discussed in Volume 
II in the chapter on advanced instruments), 
apparent precession is compensated by set- 
ting in a constant correction equal to and 





in the opposite direction to the precession 
caused by the earth’s rotation. 


ALTITUDE AND THE ALTIMETER 


Altitude is the height of an aircraft in 
the air. Knowledge of the aircraft’s altitude 
is important for several reasons. In order 
to remain a safe distance above dangerous 
mountain peaks, the altitude of the aircraft 
and the elevation of the surrounding ter- 
rain must be known at all times. This is 
especially important when visibility is poor 
and the terrain cannot be seen. Also, it is 
often desirable to fly a certain altitude to 
take advantage of favorable winds and 
weather conditions. 

Altitude may be defined as vertical dis- 
tance above some point or plane used as a 
reference. It follows, then, that there may 
be as many kinds of altitude as there are 
reference planes from which to measure. 
The navigator is concerned, generally, with 
the three kinds of altitude illustrated in 
Types of Altitude. 

True altitude (TA) is height above mean 
sea level; absolute altitude (AA) is height 
above the terrain directly below the air- 
craft; and altitude above the standard 
datum plane is called pressure altitude 
(PA). 

The standard datum plane is a theoretical 
plane where the atmospheric pressure is 
29.92 inches of mercury (Hg) and the 








16,000 16.21” Hg 


15,000 16.88 
14,000 17.57 
13,000 18.29 
12,000 19.03 
11,000 19.79 
10,000 


20.58 
9,000 21.38 
8,000 22.22 
7,000 23.09 
6,000 23.98 
5,000 24.89 
4,000 25.84 
3,000 26.8 1 
2,000 27.82 
1,000 28.86 

Sea Level 29.92 





Lapse Rate Table 


temperature is +15°C. The standard datum 
plane is the zero elevation level of an imag- 
inary atmosphere known as the standard 
atmosphere. In the standard atmosphere, 
pressure is 29.92” Hg at 0 feet and de- 
creases upward at the standard pressure 
lapse rate. The temperature is +15°C at 
0 feet and decreases upward at the stand- 
ard temperature lapse rate. Both the pres- 
sure and temperature lapse rates are given 
in the table. 


The standard atmosphere is theoretical. 
It was derived by averaging the readings 
taken over a period of many years. The 
list of altitudes and their corresponding 
values of temperature and pressure given 
in the table were determined by these 
averages. 


There are two main types of altimeters: 
the pressure altimeter which is installed in 
every aircraft, and the absolute altimeter 
or radio altimeter. The pressure altimeter 
will be explained here and the absolute 
altimeter will be discussed in Volume II. 


The pressure altimeter is designed to 
measure altitude above any pressure level 
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Altimeter Pressure Setting Affects 
Altitude Measured 


from 28.00” to 31.00” Hg. Notice in the 
illustration that the altimeter is measuring 
altitude above the specific pressure level 
for which it has been set. 


True altitude is comparatively easy to 
find using an altimeter, the free air temper- 
ature gage, and the DR computer. It is im- 
portant to understand some facts about the 
atmosphere to understand how and why the 


computations are made. 


Atmosphere Weight and Density 


The atmosphere is an ocean of air sur- 
rounding the earth. The air has weight and 
density, just as water has, and this weight 
produces pressure. The pressure is heaviest 
at the bottom of the ‘‘ocean”’ of air; that is, 
at the surface of the earth, just as the pres- 
sure of water is greatest at the bottom of 
the ocean. 

The pressure altimeter measures atmos- 
pheric pressure at flight level. Consequent- 
ly, to understand the altimeter, you must 
know something of the relationship of 
density and pressure to altitude. 

Density is weight per unit volume. One 
cubic foot of water weighs about 62.4 
pounds. Thus, the density of water is about 
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62.4 pounds per cubic foot. The density of 
air at sea level is about 0.08 pounds per 
cubic foot. 


Pressure is force per unit area. If water 
stands 1 foot deep in a tank, there is 1 
cubic foot or 62.4 pounds of water standing 
on each square foot of the bottom of the 
tank. The pressure on the bottom is 62.4 
pounds per square foot. If the water is 
twice as deep, twice the weight of water 
rests on each square foot. In fact, whatever 
the depth, the pressure on the bottom is 
equal to depth times density. This is true 
regardless of the shape of the container or 
the shape or area of the bottom. It is also 
true of any submerged surface other than 
the bottom. In a tank of water, pressure 
decreases evenly from the bottom of the 
tank upward. 





The atmosphere can be compared to a 
tank of water. Because of its weight, air 
exerts prssure on the surface of the earth 
which is the bottom of the atmosphere (see 
illustration). Atmospheric pressure at sea 
level is about 14.7 pounds per square inch. 


54,000 ft. 





Pressure and Density Decrease with Altitude 





Atmospheric pressure decreases upward 
from the earth as pressure decreases up- 
ward from the bottom of a tank of water. 

Air differs from water in one important 
respect. Water is practically incompressi- 
ble but air can be compressed into a smaller 
volume. When air is compressed, a given 
volume contains more air and hence weighs 
more. As air 18 compressed its density 
increases. 

A cubic foot of air at the surface of the 
earth is compressed by the weight of a 
column of air extending directly above it to 
the upper limit of the atmosphere. A cubic 
foot of air above the surface of the earth is 
compressed by the lesser weight of a short- 
er column of air. Air at the surface is under 
the greatest pressure because it has the 
greatest weight on it. Therefore, the dens- 
ity of the air is greatest at the surface of 
the earth and decreases upward. Both pres- 
sure and density decrease with altitude. 

In a tank of water, a cubic foot of water 
at the bottom weighs essentially the same 
as a cubic foot at the top. Though pressure 
decreases with distance from the bottom, 
density is uniform throughout. In the at- 
mosphere, dense air contributes more pres- 
sure than thin air. Thus, a layer of air near 
the surface of the earth contributes more 
pressure than an equally thick layer higher 
in the atmosphere. Therefore, pressure de- 
creases most rapidly just above the surface 
of the earth. Actually, as illustrated, half 
the weight of the atmosphere is below an 
altitude of approximately 18,000 feet. This 
means that the pressure at 18,000 feet is 
approximately half that at sea level. 

Pressure decreases with altitude. If pres- 
sure were constant at each level, an instru- 
ment which measures pressure could be 
calibrated in feet of altitude to serve as an 
accurate altimeter. Actually, the pressure 
at any level varies continuously. 

A pressure altimeter measures pressure 
and can be read in feet of altitude. Because 
of the variation of pressure at different alti- 
tudes, the pressure altimeter may be con- 
siderably in error; but by correcting its 
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reading for atmospheric conditions, a fair- 
ly accurate true altitude can be obtained. 


Measurement of Atmospheric Pressure 


Atmospheric pressure is measured by 
means of a barometer. There are two types 
of barometers: the mercurial barometer 
and the aneroid barometer. Only the aneroid 
barometer is used as an altimeter; but an 
understanding of the mercurial barometer 
will aid in understanding one of the scales 
of the altimeter. 

A mercurial barometer is a tube of mer- 
cury sealed at the top and inverted in an 
open dish of mercury. Atmospheric pres- 
sure on the surface of the mercury in the 
dish supports a column of mercury in the 
tube. The weight of the column of mercury 
equals the weight of a column of air of 
equal diameter, extending from the surface 
of the mercury in the dish to the upper 





Atmospheric Pressure Supports the 
Column of Mercury 
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limits of the atmosphere (see related illus- 
tration). Thus, the column of mercury al- 
Ways exerts a pressure equal to atmos- 
pheric pressure. An increase in atmospheric 
pressure forces the mercury higher in the 
tube. Since the higher column of mercury 
exerts a greater pressure, a perfect balance 
is thus maintained between the column of 
mercury and the column of air. 


The height of the column of mercury is 
proportional to atmospheric pressure: the 
greater the pressure, the higher the col- 
umn. The pressure exerted by a column of 
liquid is equal to the density of the liquid 
times the height of the column. Therefore, 
atmospheric pressure can be found by mul- 
tiplying the density of mercury by the 
height of the column in the barometer. 
However, it is simpler to express atmos- 
pheric pressure in terms of height of the 
column. For example, the pressure at sea 
level at a certain time may be 29.92 inches 
Hg. This means that the mercury in a barom- 
eter stands at a height of 29.92 inches above 
the surface of the mercury in the dish. 
Although pressure at sea level varies, 29.92 
inches is taken as a standard value for 
sea-level pressure. 


ANEROID BAROMETER. A toy balloon filled 
with gas expands until the pressure of the 
gas inside equals the pressure of the air 
outside, plus the pressure exerted inward 
by the rubber. If the air pressure decreases, 
the gas pressure expands the balloon until 
a new equilibrium is reached. 


The heart of an aneroid barometer is an 
aneroid cell, which works much like a toy 
balloon. It is an airtight metal box with thin, 
flexible sides. The air is partially evacuated, 
and the sides are held apart by a spring or 
the elasticity of the metal. When air pres- 
Sure decreases, the sides of the cell move 
outward; when it increases, they move in- 
ward. In the illustration of the Aneroid Cell, 
you can see that the motion of the sides of 
the cell is amplified mechanically and trans- 
lated into rotary motion of pointers on a 





WHEN DIAPHRAM 
EXPANDS, HAND 


MOVES 
Aneroid Cell 


dial. The dial may be calibrated in inches 
of mercury so that it reads units of atmos- 
pheric pressure; or, if the instrument 
serves as an altimeter, the dial is calibrated 
in feet of altitude. Regardless of how the 
dial is calibrated, remember that the aner- 
oid barometer actually measures pressure. 


PRESSURE ALTIMETER. The pressure al- 
timeter is an aneroid barometer. Though 
calibrated in feet, it really measures atmos- 
pheric pressure at flight level and interprets 
this value in terms of feet above a certain 
pressure level. If the pressure and temper- 
ature decrease in accord with the standard 
lapse rate, an altimeter could be designed 
to indicate the true altitude. However, the 
pressure and temperature changes seldom 
follow the standard lapse rate. Therefore, 
the altimeter cannot indicate true altitude 
directly. What then is the meaning of the 
altitude indicated by an altimeter? 

The altimeter is designed to indicate 
changes of altitude as the pressure varies 
according to an arbitrary rate called the 
standard pressure lapse rate. It would be 
difficult to arrive at an accurate average 
pressure lapse rate for all conditions of the 
atmosphere, but the standard pressure 





@ 





Pressure Altimeter 


lapse rate may be thought of as an attempt 
at such an average. Thus, for any change 
of pressure, the altimeter indicates the cor- 
responding change of altitude according to 
the standard pressure lapse rate. 


The altimeter is designed to measure al- 
titude above any pressure level from 28.00” 
Hg to 31.00” Hg. The pressure set in the 
window on the dial face shown in Pressure 
Altimeter is the pressure level above which 
the altimeter measures pressure altitude. 


The face of the altimeter is a clocklike 
dial calibrated in tens and hundreds of feet. 
There are ten numbers, 0 to 9, for hundreds 
of feet, with the intervening spaces marked 
into 5 or 10 subdivisions. There are three 
pointers. The long narrow one, correspond- 
ing to the sweep second hand on a watch, 
indicates tens and hundreds of feet. One 
revolution of this pointer indicates a change 
of 1,000 feet. A short, broad pointer, cor- 
responding to the minute hand of a watch, 
indicates thousands of feet, thus counting 
the revolutions of the long pointer. One 
revolution of this pointer indicates a change 
of 10,000 feet. A shorter narrow pointer 
indicates tens of thousands of feet. It never 
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makes more than one-half revolution be- 
cause most altimeters are built for a maxi- 
mum altitude of 35,000 to 50,000 feet. 


ALTIMETER ERRORS.  Altimeters, like 
other navigational instruments, are subject 
to certain instrument errors. These errors 
can be divided into four general classes: 
(1) mechanical errors, (2) elastic errors, 
(3) temperature error, and (4) installation 
error. 


Mechanical Errors. Mechanical errors 


consist of three kinds: 


1. Scale error is the difference between 
the indicated altitude and the basic altitude 
corresponding to the pressure level at 
which the instrument makes its measure- 
ment. Scale error is recorded on a card like 
that illustrated and placed near the al- 
timeter. 


2. Friction error is caused by the friction 
of moving parts within the instrument, re- 
sulting in irregular or jerky movements of 
the indicator needle and lost motion or 
hesitation upon reversal of direction of 
vertical motion. This can be corrected by 





Scale Correction Card 
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gently tapping the altimeter. If the aircraft 
is in flight, the natural vibration is usually 
sufficient for this purpose. 


3. Position error 1s that error caused by 
an unusual attitude of the instrument. Al- 
timeters are designed to be in static balance 
with the dial vertical. If the aircraft as- 
sumes an abnormal attitude, a slight error 
is introduced into the altimeter. Such an 
error seldom exceeds 20 feet. 


Elastic Errors. Elastic errors consist of 
three kinds: 


1. Hysteresis causes a lag in the response 
of the instrument and is measured by the 
difference in two readings at a given alti- 
tude, the first reading obtained when alti- 
tude is increasing, and the second when it 
is decreasing. Hysteresis errors should be 
less than plus or minus 50 feet at zero alti- 
tude, and less than plus or minus 300 feet 
at 30,000 feet altitude. 


2. Drift is a slow increase in the reading 
of an altimeter without increase in altitude 
after leveling off following a climb. The 
reading returns to the correct value after 
descent. In flights of more than one hour 
duration, drift should not be more than ap- 
proximately 0.2 percent of the altitude for 
every 15,000 feet change of altitude. 


3. Secular error is the slow change with 
time of the entire scale error curve. It is 
caused largely by internal stresses in the 
metal of the instrument. Secular error is 
corrected by resetting the altimeter and 
need not be allowed for in flight. 


Temperature Error. Temperature error 
is a change in reading caused by a change 
in the temperature of the instrument. In 
most instruments this error has been re- 
duced to a negligible amount by temperature 
compensation features of the design. This 
should not be confused with temperature 
effects of the atmosphere. 


Installation Error. Installation error 
arises when the altimeter is not exposed 
to the true static pressure of the atmos- 
phere. In modern installations this error is 


usually avoided by connecting the case of 
the instrument to a suitable static tube so 
placed on the surface of the aircraft that 
compression or rarefaction due to its for- 
ward motion is negligible. During climb or 
descent some change in pressure may result 
in the static tube opening being subjected 
to positive or negative pressure, resulting 
in a slight inaccuracy of reading. Such error 
should seldom exceed 10 feet. 


Of the errors listed above, only secular 
error and friction error are likely to be ob- 
jectionable in flight. Secular error is elimi- 
nated by resetting the zero position, and 
friction is overcome by tapping the instru- 
ment. Modern altimeters should indicate 
true altitude within 20 feet at ground level. 


Altitude Corrections 


Basic altitude is accurate only under one 
particular set of conditions; that is, when 
the atmosphere assumes a certain pressure 
and temperature at sea level, and a specific 
lapse rate. Since such standard conditions 
rarely exist, the altimeter reading usually 
requires correction. Remember, the altime- 
ter is a pressure measuring device. It will 
indicate 10,000 feet when the pressure is 
20.58” Hg even though the actual altitude 
may be more or less than 10,000 feet. 


Atmospheric temperature and pressure 
vary continuously. Rarely is the pressure 
at sea level exactly 29.92” Hg or the 
temperature exactly +15°C. Furthermore, 
the temperature lapse rate and the pres- 
sure lapse rate both deviate from the 
standard. As shown in the illustration, on a 
warm day the expanded air is lighter in 
weight per unit volume than on a standard 
day or on a cold day, and the pressure levels 
are raised. Therefore, the pressure level 
where the altimeter will indicate 4,000 feet 
will be higher than it would under standard 
conditions. On a cold day the reverse would 
be true, and the 4,000-foot level would be 
lower. This is the condition that must be 
closely watched with regard to deviation 
from the standard temperature lapse rate. 
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True Altitude Decreases when Going into Cold Air 


The basic altitude must be corrected for the 
temperature aloft by means of the conver- 
sion scale on the DR computer. 

Changes in surface pressure also affect 
the pressure levels at altitude even under 
standard conditions. The illustration Jf Sur- 
face Pressure Changes, So Does the Pressure 
Altitude shows that if the surface pressure 


changes to a lower reading, the pressure 
level where the altimeter will indicate 4,000 
feet pressure altitude will be lower than 
under standard conditions. 

To compute true altitude, the altimeter 
reading must be corrected for the difference 
between the existing atmospheric pressure 
and standard atmospheric pressure for the 





If Surface Pressure Changes, so does the Pressure Altitude 
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Altimeter Indicates Altitude Above the Value Set in Window 


same level, and also for the difference be- 
tween the actual temperature at flight level 
and the corresponding standard-atmosphere 
temperature for that altitude. 


ALTIMETER SETTING. Basic altitude must 
be corrected for the difference between ex- 
isting atmospheric pressure and standard 
atmospheric pressure for the same level. 
This correction can be made mechanically 
by adjusting the altimeter. 

A barometric pressure scale, graduated 
in inches of mercury rather than in feet, 
has been incorporated in all pressure altim- 
eters. This pressure scale is graduated from 
28.0 to 31.0 inches of mercury and is visible 
through a small window on the right side 
of the dial face called the “Kollsman” win- 
dow. The scale is set by means of a pressure 
setting knob. The pressure set on the baro- 
metric pressure scale is the pressure level 
above which the altimeter will measure 
standard altitude. 
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With 29.92” Hg set on the barometric 
scale, the altimeter will indicate altitude 
above the standard datum plane (indicated 
pressure altitude), as shown in The Altim- 
eter Indicates Altitude above the Value Set 
in the Window. The actual pressure at sea 
level, however, may be more or less than 
29.92” Hg. This means that the standard 
datum plane may be above or below sea 
level. In order for the altimeter to indicate 
true altitude or altitude above sea level the 
actual pressure at mean sea level must be 
set on the barometric scale. 

The value which is set in the window on 
the barometric scale to enable the altimeter 
to indicate true altitude (no instrument 
error considered) is the altimeter setting. 

For stations at sea level, the altimeter 
setting is simply the atmospheric pressure. 
If the barometer reads 28.92” Hg, set this 
figure in the window. As you turn the coun- 
ters to 28.92”, you also turn the pointers to 
0 feet altitude. 
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At any elevation above sea level, the 
altimeter setting is not the atmospheric 
pressure at the ground level. Instead, it is 
the sum of the atmospheric pressure at the 
ground level and the pressure equivalent in 
the standard atmosphere of the elevation 
of the place. It is ground level pressure 
reduced to sea level pressure according to 
the standard atmosphere. At a place 1,000 
feet above sea level, the altimeter setting 
ig the pressure that would exist at the bot- 
‘tom of a 1,000-foot well. In the illustration, 
Altimeter Indicates Altitude Above _ the 
Value Set in the Window, 27.92 is the field 
barometric pressure, or pressure at ground 
level. To get the altimeter setting this field 
barometric pressure must be reduced to sea 
level which, in this case, makes the altim- 
eter setting 28.92. 


The altimeter setting for any station is 
the pressure that must be set in the window 
of the altimeter in order for the altimeter 
to read the true elevation of the station. 
With altimeter setting set in the window, 
the altimeter will indicate true altitude at 
least at one pressure level, namely, at the 
ground level. Of course, the altimeter set- 
ting for any station changes as the atmos- 
pheric pressure changes, and altimeter set- 
ting varies from one station to another. 
Therefore, each station must make its own 
calculations at frequent intervals. 


ALT. SET READ 
HERE AFTER- 


FIELD 
ELEVATION 
PLUS TEN 
FEET IS SET 
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To Determine Altitude Setting 
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On the ground, by turning the counters 
to the altimeter setting, you also turn the 
pointers to the elevation of the station. 
Conversely, by turning the pointers to the 
elevation of the station, you turn the coun- 
ters to the altimeter setting. In this way the 
altimeter setting can easily be found when 
the aircraft is on the ground. Since the 
altimeter is a little above the level of the 
runway, add the height of the aircraft 
above the runway to the elevation of the 
field as shown. 


This method cannot be used in flight be- 
cause the exact altitude of the aircraft is 
not known. However, altimeter settings are 
included in weather broadcasts so they can 
be obtained en route. The pilot always ob- 
tains the altimeter setting before landing 
so his altimeter will read the true elevation 
of the field as he lands. 


With the altimeter setting in the “Kolls- 
man” window, the altimeter indicates true 
altitude at least at one pressure level. If 
the pressure lapse rate is normal, the altim- 
eter indicates true altitude at every level. 
However, since the pressure lapse rate va- 
ries, there usually is some error at other 
levels. 


PRESSURE ALTITUDE. When 29.92 is set 
in the window, the reading of the altimeter 
is called indicated pressure altitude. Cor- 
rected for instrument error, it becomes 
basic pressure altitude. Basic pressure alti- 
tude corrected for temperature is known as 
density altitude. 


Basic pressure altitude does not agree 
with true altitude unless the pressure at 
flight level happens to be the pressure in 
the standard atmosphere corresponding to 
that altitude. This is a rare occurrence. 
Basic pressure altitude usually is just an 
approximate expression of altitude. Actual- 
ly, it is an exact expression of flight-level 
pressure. 


The pilot is primarily interested in abso- 
lute altitude and hence in true altitude. 
Therefore, he keeps altimeter setting on his 
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altimeter so that the direct reading is as 
close as possible to true altitude. 


The navigator is also interested in true 
altitude, but in order to calculate accurate 
true altitude and also true airspeed, he 
must know the flight-level pressure ex- 
pressed as pressure altitude. 

Indicated true altitude may be found in 
either of two ways. The altimeter setting 
can be set in the “Kollsman” window and 
the indicated true altitude can be read 
directly, or a correction known as pressure 
altitude variation (PAV), can be applied to 
the indicated pressure altitude. 

Pressure altitude variation (PAV) is the 
difference in feet between the standard 
datum plane and the datum plane above 
which indicated true altitude is measured. 
It is the standard-atmosphere distance 
equivalent to the pressure difference be- 
tween 29.92 and the altimeter setting. 

The table of Standard Pressure and Tem- 
perature shows that in the lower part of the 
atmosphere an altitude change of 1,000 feet 
corresponds to a pressure change of about 
1 inch of mercury. Thus, 0.01 inch of mer- 
cury is the equivalent of about 10 feet of 
altitude. This is a convenient figure for 


lf Alt. set is less than 
29.92, subtract PAV 


lf Alt. set is more than 


29.92", add PAV ® 
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converting pressure difference into pressure 
altitude variation. The pressure difference 
is multiplied by 1,000 and called ‘‘feet.” 

If the altimeter setting is 30.03, this is 
0.11 more than 29.92; therefore, pressure 
altitude variation is 110 feet. But what is 
its sign? Is it added to or subtracted from 
pressure altitude to get true altitude? 

Remember that pressure decreases up- 
ward. Since 29.92 is less than 30.03, the 
standard datum plane is higher in the at- 
mosphere than the datum plane above 
which indicated true altitude is measured. 
Therefore, as can be seen in the illustra- 
tion, To Find True Altitude from Pressure 
Altitude, pressure altitude is less than true 
altitude and pressure altitude variation 
must be added to pressure altitude to get 
true altitude. 

If the altimeter setting is 29.69, the 
pressure altitude variation is 230 feet. Since 
29.92 is greater than 29.69, the standard 
datum plane is below the plane above which 
the true altitude is measured. Therefore, 
pressure altitude is greater than true alti- 
tude and pressure altitude variation must 
be subtracted from pressure altitude to 
find true altitude. 


To Find True Altitude from Pressure Altitude 
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If altimeter setting is greater than 29.92, 
pressure altitude variation must be added 
to pressure altitude. If the altimeter setting 
is less than 29.92, the pressure altitude 
variation must be subtracted from pressure 
altitude. 


Of course, to find pressure altitude from 
indicated true altitude, the pressure alti- 
tude variation must be applied with the 
reverse signs. These rules are harder to 
remember than they are to figure out. Just 
remember that pressure decreases upward 
and think of the relative positions of the 
datum planes. 


DENSITY ALTITUDE. Ordinarily, the pres- 
sure lapse rate above the ground is not 
standard; it varies with temperature. 
Therefore, basic pressure altitude must. be 
corrected for temperature variation to find 
density altitude. 


Air expands with increase in tempera- 
ture. Consequently, warm air is less dense 
than cold air. As a result, the pressure lapse 
rate is less in a column of:-warm air than 
in cold air. That is, pressure decreases more 
rapidly with height in cold air than in warm 
air. Consequently, an altimeter tends to 
read too high in cold air and too low in 
warm air. 


Density altitude is of interest primarily 


in the control of engine performance and is | 


of direct concern to the navigator in con- 
nection with cruise control. 


Computer Altitude Solutions 


The two altitudes most commonly accom- 
plished on the computer are true altitude 
and density altitude. Nearly all DR com- 
puters have a window by which density al- 
titude can be determined; however, be cer- 
tain that the window is labeled DENSITY 
ALTITUDE. 


TRUE ALTITUDE DETERMINATION. In the 
space marked FOR ALTITUDE COMPUTATIONS 
are two scales: (1) a centigrade scale in 
the window and (2) a pressure altitude 
scale on the upper disk. When a pressure 
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altitude is placed opposite the temperature 
at that hetght, all values on the outer 
(miles) scale are equal to the corresponding 
values on the inner (minutes) scale in- 
creased or decreased by two percent for 
each 5.5°C that the actual temperature 
differs from the standard temperature at 
that pressure altitude, as set in the window. 

Although the pressure altitude is set in 
the window, the indicated true altitude is 
used on the inner (minutes) scale for find- 
ing the true altitude, corrected for differ- 
ence in temperature lapse rate. 


Example : 


Given: Pressure altitude 8,500 feet 
Indicated true altitude 8,000 feet 
Air Temperature (°C) —16 


To Find: True altitude 


Procedure: Place PA (8,500 feet) oppo- 
site the temperature (—16) on the FOR AL- 
TITUDE COMPUTATIONS scale. Opposite the 
indicated true altitude (8,000 feet) on the 
inner scale, read the true altitude (7,500 
feet) on the outer scale. The solution is 
illustrated. 


READ 7600 ON MILES SCALE 
OVER 8000 ON MIN. SCALE 


TEMP. —16 
ALT. 8500 
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DENSITY ALTITUDE DETERMINATION. Den- 
sity altitude determination on the computer 
is accomplished by using the window just 
above “For Airspeed and Density Altitude 
Computations” and the small window just 
above that marked “Density Altitude’. 


Example: 


Given: Pressure altitude 9,000 feet 
Air temperature (°C) +10 


To Find: Density altitude 


Procedure: Place pressure altitude (9,000 
feet) opposite air temperature (+10) in 
window marked FOR AIRSPEED AND DENSITY 
ALTITUDE COMPUTATIONS. Opposite index in 
DENSITY ALTITUDE window, read density al- 
titude (10,400 feet). The solution is illus- 
trated. 


TEMP. +10 READ 10400 IN 
ALT. 9000 DENSITY ALTITUDE 
WINDOW 





Finding Density Altitude 


TEMPERATURE 


Determination of correct temperature is 
necessary for accurate computation of air- 
speed and altitude. Temperature, airspeed, 
and altitude are all closely interrelated, 


and the practicing navigator must be fa- 
miliar with each in order to work effectively 
and accurately. 


Temperature Gages 


The temperature gage most commonly 
used in the Air Force employs a bimetallic 
element. The instrument, illustrated, is a 
single unit consisting of a stainless steel 
stem which projects into the air stream 
and a head which contains the pointer and 
scale. The sensitive element in the end of 
the stem—projected outside the aircraft— 
is covered by a radiation shield of brightly 
polished metal to cut down the amount of 
heat that the elenient might absorb by di- 
rect radiation from the sun. 

The bimetallic element (called the sensi- 
tive element) is so named because it consists 
of two strips of different metal alloys 
welded together. When the element is heat- 
ed, one alloy expands more rapidly than 
the other causing the element, which is 
shaped like a coil spring, to turn. This, in 
turn, causes the indicator needle to move 
on the pointer dial. Temperature between 
—60°C and +50°C can be measured on this 
type of thermometer. 





a 


Free Air Temperature Gage 


Temperature Scales 


In the United States, temperature is usu- 
ally expressed in terms of the Fahrenheit 








Correction in °C=.00008 X(TAS in MPH)? 


TAS in MPH Correction 





scale (°F). In aviation, temperature is cus- 
tomarily measured on the centigrade, or 
Celsius, (°C) scale. 


Although aircraft thermometers are usu- 
ally calibrated in °C, it is sometimes neces- 
sary to interconvert Fahrenheit and Celsius 
temperatures. The following formulas may 
be used: 


°F =1.8X°C +32° 
=C = oF" — 82° 
1.8 





Temperature Errors 


Temperature measurement is subject to 
two major errors: scale error and heat of 
compression. 


SCALE ERROR. Scale error is caused by an 
improper movement of the pointer dial 
under standard conditons. This error is 
determined by comparison of the aircraft 
thermometer with a master indicator and 
recording the difference. The differences 
should be listed on a temperature correction 
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card displayed near the instrument. This 
error applied to the indicated temperature 
results in the basic air temperature. The 
error is not necessarily constant over the 
entire scale and usually varies within the 
normal temperature range. 


HEAT OF COMPRESSION. As stated pre- 
viously, a portion of the thermometer pro- 
jects into the air stream in order to measure 
the outside temperature. This is satisfac- 
tory for slow speeds; however, at high 
speeds, frictional heating is perceptible. In 
addition, the air on the forward side of the 
thermometer is compressed and hence is 
warmer than the free air stream. This re- 
sults in an erroneous indication of tempera- 
ture, the gage reading too high. The correc- 
tion for heat of compression error must 
always be added algebraically to the indi- 
cated air temperature. 


Heat of compression is dependent upon 
the speed of the aircraft which in turn is 
dependent upon outside temperature and 


Correction in °C=.0001055X(TAS in knots)? 


TAS in knots Correction 
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altitude. The error is usually expresged as 
a function of the speed of the aircraft in 
knots. When expressed in terms of true 
airspeed, temperature does not appear as 
a variable since it has already been consid- 
ered in the computation of the true airspeed. 

The corrections for various airspeeds 
have been determined and are given in the 
table shown. The corrections are based on 
the following relationship: 

Correction=.0001005x (TAS in knots)? 
which is true with the C-13 bimetallic in- 
dicator. 

If the tables are not available, the cor- 
rection may be determined by use of the 
slide rule side of the computer using the 
constant 9500. The procedure is as follows: 

1. Place the constant (9500) on the time 
scale below the value of true airspeed on 
the miles scale. 


2. Locate the true airspeed on the time 
scale and read the error above it. 


3. For example, if the true airspeed were 
300 knots, the computer would be set up as 
shown, and the error would be approximate- 


ly +9.5. 
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Finding Heat of Compression Error 
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Heat of compression causes the instru- 
ment to read too high. Therefore, the cor- 
rection is always a minus value. This cor- 
rection when applied to the basic air 
temperature gives the true (ambient) tem- 
perature. The true air temperature (TAT) 
is sometimes expressed simply as outside 
air temperature (OAT). 


AIRSPEED, PITOT-STATIC SYSTEM, AND 
THE AIRSPEED INDICATOR 


Speed is rate of motion or distance trav- 
eled per unit of time. A knowledge of speed 
is indispensable to navigation. The rate of 
travel over the surface of the earth is 
known as groundspeed (GS). The speedom- 
eter of an automobile indicates groundspeed 
directly. The wheels of the vehicle are 
touching the earth and, as they turn, give 
a direct indication of speed over the earth. 
Unfortunately, there is no simple aircraft 
instrument that gives a direct indication of 
groundspeed. However, there are many 
ways to determine the groundspeed of the 
aircraft. Each method requires the use of 
several instruments and careful computa- 
tions. 


The airspeed indicator is one of the most 
important of these instruments. As the 
name implies, this instrument indicates the 
speed of the aircraft through the air mass, 
and not the speed over the ground. Many 
corrections must be made to the indicated 
airspeed before the true speed through the 
air mass can be obtained. This section dis- 
cusses the airspeed meter, causes of errors, 
and the corrections to be applied to the 
indicated airspeed. 


Pitot-Static System and Its Function 


In order to understand the source of the 
forces which activate the airspeed indicator 
and other instruments such as the altime- 
ter, it is necessary to understand the pitot- 
static system. This system consists of the 
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PITOT TUBE 






J DRAIN HOLE 





HEATER 


Structure of the Pitot Tube 


pitot-static tube and the connecting lines to 
the instruments it serves. 


The pitot-static tube is the beginning of 
the system and serves as the source of the 
pressures for operation of the airspeed in- 
dicator. It is mounted on the aircraft in a 
location where it will receive the full impact 
of the air through which it is traveling. 
This location will vary with different types 
of aircraft. For most accurate operation, 
the pitot-static tube should be parallel to 
the line of the relative wind or the axis of 
motion, and be located in an area of mini- 
mum air stream turbulence. This condition 
can best be approximated by mounting it 
parallel to the longitudinal axis of the air- 
craft. 

Mounted this way, the intake end of the 
tube points in the direction of flight. The 


toe = 


forward section of the tube contains a 
baffle plate, shown in Structure of the Pitot 
Tube, to reduce turbulence and to keep rain, 
ice, and dirt particles from entering the 
tube. At the bottom there may be one or 
more drain holes to dispose of condensed 
moisture. The inside of the tube is designed 
to prevent any moisture or dirt from enter- 
ing the instruments that are connected to it. 

The inside of the pitot-static tube is di- 
vided into two compartments: the impact 
pressure chamber and lines, and the static 
pressure chamber and lines. An electrical 
heating element within the tube prevents 
the formation of ice. This heating element 
is controlled by a switch inside the aircraft. 

Each of the two chambers has openings 
to allow air to enter. However, there is no 
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Total Pressure Compartment Receives the Full Force of the Entering Air 
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continual air flow through these compart- 
ments because there is no return outlet. 
Therefore, as the aircraft moves, these 
compartments receive pressure against the 
already present air. 

One of the compartments mentioned 
above is the total pressure compartment. 
The opening to this compartment is at the 
front end of the tube. Since the intake faces 
directly into the air through which the air- 
craft flies, the air in this compartment, as 
shown in Total Pressure Compartment, re- 
ceives the full force of the entering air. 
That is, the pitot tube receives the total, 
or impact, pressure of the air through 
which the aircraft is moving. 


AIRSPEED INDICATOR 


RATE OF CLIMB 


ALTIMETER 





PITO 


a. 


The other compartment is the static 
pressure compartment. The air enters this 
compartment through small holes on the 
top and bottom of the tube. Usually there 
are three holes on the top and three on the 
bottom as shown. Since these holes do not 
face in the direction of flight, this com- 
partment receives static (still air) pressure. 


The most common pitot-static installation 
in operational aircraft separates the impact 
and static sources. The impact pressure is 
taken from the pitot tube which is mounted 
in one of the usual positions. Static pressure 
is taken from an inlet that may be installed 
even, or flush, on the side of the aircraft, 
vertical stabilizer, etc. 
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ALTERNATE SOURCE 
COCKPIT AIR 


Pitot-Static System 
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Two lines supply the airspeed indicator; 
one supplies static pressure and the other 
supplies impact pressure. A typical com- 
plete pitot system is shown in Pitot Static 
System. 


An alternate source for static pressure 
is provided for emergency use in most air- 
craft. In unpressurized aircraft the alter- 
nate source is usually located within the 
aircraft. This alternate static pressure is 
usually lower than the pressure provided 
by the pitot-static tube. Therefore, when 
the static source switch is placed in the al- 
ternate position, the altimeter usually reads 
higher than normal and the indicated air- 
speed usually reads greater because of the 
lower static pressure. 

Reasonable care should be taken with the 
pitot-static tube. At the end of every flight, 
a cover should be placed on the intake end 
of the tube to prevent dirt and moisture 
from collecting in the tube. Also, the drain 
holes should be checked regularly to see 
that they are not clogged. 


Construction and Operation of 
Airspeed Indicator 


Static pressure is undisturbed atmospher- 
ic pressure. Impact pressure is the pres- 
sure exerted on the nose of the aircraft (or 
pitot tube) while the aircraft is in motion. 
The result or difference between these two 
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is called dynamic pressure. It is this dy- 
namic pressure that the airspeed indicator 
actually measures. 


The airspeed indicator has a cylindrical 
airtight case, which is connected to the 
static line from the pitot-static system as 
shown. The static pressure received from 
the static source fills the case, or housing 
of the airspeed indicator. The pressure 
within this case theoretically equals the 
barometric pressure of the air through 
which the aircraft is flying. 

Inside the case is a small diaphragm 
made of phosphor-bronze or beryllium cop- 
per. This diaphragm is very sensitive to 
changes in pressure and is connected to the 
impact pressure line from the pitot-static 
tube. 


TO ALTIMETER 
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Airspeed Indicator 


The side of the diaphragm which is free 
to expand is connected to a series of levers 
and gears which operates the needle on the 
face of the instrument. 


The airspeed indicator measures the dif- 
ference between the pressure in the impact 
pressure line and the pressure in the static 
pressure line. The two pressures are equal 
when the aircraft is stationary on the 
ground, but movement through the air 
causes the pressure in the impact line to 
become greater than the pressure in the 
static line. The diaphragm, having a direct 
connection to the impact pressure line, will 
expand with the increase in impact pres- 
sure. The expansion or contractor of the 
diaphragm is transmitted by mechanical 
linkage to the needle on the face of the in- 
strument. This needle indicates dynamic 
pressure in reference to a sealed dial. The 
dial is scaled in units of speed rather than 
units of pressure. Older-type airspeed indi- 
cators are graduated in miles per hour. 
Newer-type indicators are graduated in 
knots. 


Airspeed Definitions 


There are many reasons for the differ- 
ence between indicated airspeed and true 
airspeed. Some of these reasons are: the 
error in the mechanical makeup of the in- 
strument, the error caused by incorrect in- 
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stallation, and the fact that density and 
pressure of the atmosphere vary from 
standard conditions. 


INDICATED AIRSPEED (IAS). Indicated air- 
speed is the uncorrected reading taken from 
the face of the indicator. It is the airspeed 
that the instrument shows on the dial. It 
can be read in miles per hour or in knots, 
depending upon the scale of the dial. 


BASIC AIRSPEED (BAS). Basic airspeed is 
the indicated airspeed corrected for instru- 
ment error. 

Each airspeed indicator has its own char- 
acteristics which cause it to differ from any 
other airspeed indicator. These differences 
may be caused by slightly different hair- 
spring tensions, flexibility of the diaphragm, 
accuracy of the scale markings, or even the 
effect of temperature on the different met- 
als in the indicator mechanism. The effect 
of temperature introduces an instrument 
error due to the variance in the coefficient 
of expansion of the different metals com- 
prising the working mechanism. This error 
can be removed by the installation of a 
bimetallic compensator within the mechan- 
ical linkage. The bimetallic compensator is 
installed and properly set at the factory, 
thereby eliminating the temperature error 
within the instrument. 
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The accuracy of the airspeed indicator is 
also affected by the length and curvature of 
the pressure line from the pitot tube. These 
installation errors must be corrected math- 
ematically. 


Installation, scale, and instrument errors 
are all combined under one title called 
instrument error. Instrument error can be 
determined by various calibration proce- 
dures, and a correction card made up as 
illustrated should be used to find basic 
airspeed. 


CALIBRATED AIRSPEED (CAS). Calibrated 
airspeed is basic airspeed corrected for 
pitot-static error and/or attitude of the air- 
craft. The pitot-static system of a moving 
aircraft will have some error. Minor errors 
will be found in the pitot section of the 
system. The major difficulty is encountered 
in the static pressure section. 


As the flight attitude of the aircraft 
changes, the pressure at the static inlets 
will change. This is caused by the airstream 
striking the inlet at an angle. 


Different types and locations of installa- 
tions will cause different errors. It is imma- 
terial whether the static source is located 
in the pitot-static head or at some flush 
mounting on the aircraft. This error will be 
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essentially the same for all aircraft of the 
same model, and a correction table can be 
constructed. The table is entered with basic 
airspeed and the gross weight of the air- 
craft. 


EQUIVALENT AIRSPEED (EAS): Equiva- 
lent airspeed is calibrated airspeed cor- 
rected for compressibility. Compressibility 
error has come into prominence with the 
advent of high speed aircraft. It becomes 
noticeable when the airspeed is_ great 
enough to create an impact pressure which 
will cause the air molecules to be com- 
pressed within the impact chamber of the 
pitot tube. The amount of compression is 
directly proportionate to the impact pres- 
sure. As the air is compressed, it causes the 
dynamic pressure to be greater than it 
should be. Therefore, the correction is a 
negative value. The table, Airspeed Correc- 
tion for Compressibility, contains correc- 
tions for compressibility to be used with 
the E-6B, E-10, or MB-4 computers. The 
table should be entered with calibrated air- 


speed in knots and the pressure altitude of 


the aircraft. In many aircraft, this table 
may be found in the form of a graph. 
DENSITY AIRSPEED (DAS): Density air- 
speed is calibrated airspeed corrected for 
pressure altitude and true air temperature. 





Airspeed Correction for Pitot-Static Installation 
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Airspeed Correction for Compressibility 


Pitot pressure varies not only with air- 
speed but also with air density. As the 
density of the atmosphere decreases with 
height, pitot pressure for a given airspeed 
must also decrease with height. Thus, an 
airspeed indicator operating in a less dense 
medium than that for which it was cali- 
brated will indicate an airspeed lower than 
the true speed. The higher the aircraft 
flies, the greater the discrepancy. The nec- 
essary correction can be found on the DR 
computer. 

Using the window on the computer above 
the area marked for AIRSPEED AND DENSITY 
ALTITUDE COMPUTATIONS, set the pressure 
altitude against the True Air Temperature 
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(TAT). Opposite the calibrated airspeed on 
the minutes scale, read the density airspeed 
on the miles scale. 


At lower airspeeds and altitudes, density 
airspeed may be taken as true airspeed with 
negligible error. However, at high speeds 
and altitudes, this is no longer true and 
compressibility error must be considered. 
(Compressibility error is explained in the 
equivalent airspeed section.) The correc- 
tion for compressibility is obtained by mul- 
tiplying density airspeed by a ratio of the 
compressibility factors at flight altitude to 
the factors at sea level. This ratio of com- 
pressibility factors for various conditions is 
listed on the wind side of the E-10 computer. 








Extract the compressibility factor and mul- 
tiply it by the density airspeed using the 
slide rule side of the computer. The result 
will be true airspeed. The following is a 
problem showing the solution of true air- 
speed through the use of density airspeed. 


TRUE AIRSPEED (TAS): True airspeed is 
equivalent airspeed corrected for density 
altitude (pressure and temperature). It is 
the actual speed of the aircraft through the 
air mass. The airspeed indicator does not 
compensate for the air density decrease 
with altitude, or temperature error. 


To find true airspeed it is necessary to 
use the computer. The prerequisites are 
equivalent airspeed, true air temperature, 
and pressure altitude. 

Following are two sample problems that 
illustrate the steps in computing an accu- 
rate true airspeed. 


Problem No. 1 
The information needed is: 
Gross weight of B-29 130,000 pounds 
Pressure Altitude 24,000 feet 
IAS (indicated airspeed ) 200 knots 
IAT (indicated air temp) —389.5° C 
1. (indicated airspeed) 200K 
2. Instrument correction 
from card —3K 
3. BAS (basic airspeed) 197K 
4, Pitot static correction 
from table —4,4K 


5. CAS (calibrated airspeed) 


6. Compressibility correction 
from table —3.4 


192.6K 


7. EAS (equivalent airspeed) 189.2K 
8. IAT (indicated air 

temperature) —39.5°C 
9. Correction from card +3.5°C 


10. BAT (basic air temperature) —36.0°C 
Find approximate TAS to 
obtain correction for 


temperature. 275K approx. 
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11. Correction for compression 


from table —8°C 
12. TAT (true air temperature) —44°C 
13. PA (pressure altitude) 24,000 Ft 
14. TAS (true airspeed) 271K 


Problem No. 2 
The information needed is: 


Gross weight of B-29 130,000 pounds 


Pressure Altitude 24,000 feet 
IAS (indicated airspeed) 200 knots 
IAT (indicated air temp) —39.5°C 
1. JAS (indicated airspeed) 200K 
2. Instrument correction from card —3K 
3. BAS (basic airspeed) 197K 
4. Pitot static correction 
from table —4.4 
5. CAS (calibrated airspeed) 192.6K 
6. IAT (indicated air temp) —39.5°C 
7. Correction from card +3.5°C 
8. BAT (basic air temp) —36°C 
Find approximate TAS to 
obtain correction for 
temperature. 280K 
9. Correction for compression 
from table —8°C 
10. TAT (true air temp) —44°C 
11. PA (pressure altitude) 24,000 Ft. 
Lines 10 and 11 are placed on 
E-10 or MB-4 computed to find: 
12. DAS (density airspeed) 276K 


Find TAS through E-10 or MB-4 com- 
pressibility factor. Steps 1 through 10 
are the same as shown at left. 


11. Multiply compressibility factor from 
E-10 or MB-4 (0.98) by CAS. 


12. CAS corrected for compressibility fac- 
tor is 189K. 


13. TAT (true air temp) is —44° C. 
14. PA is 24,000 feet. 
15. TAS is 271K 


3-33 


AF MANUAL 51-40 VOL 1 15 OCTOBER 1959 


SPRING WINDING 
CROWN 


HOUR HAND 


24 HOUR DIAL 





SWEEP SECOND HAND 


MINUTE HAND 


Master Navigation Watch 


MACH NUMBER. Airspeed can be meas- 
ured by a machmeter rather than an air- 
speed indicator. Mach number is a ratio be- 
between the speed of the aircraft and the 
speed of sound. A complete discussion of the 
machmeter is contained in Volume II in the 
section on advanced instruments. 


SUMMARY OF TYPES OF AIRSPEEDS 


Indicated airspeed (IAS) is the uncor- 
rected reading taken directly from the 
indicator. 


Basic airspeed (BAS) is the IAS cor- 
rected for instrument error. 


Calibrated airspeed (CAS) is the BAS 
corrected for pitot position error. 


Equivalent airspeed (EAS) is CAS cor- 
rected for compressibility. 


True airspeed (TAS) is EAS corrected 
for pressure and temperature. 


Density airspeed (DAS) is the CAS cor- 
rected for pressure and temperature. 


True airspeed (TAS) is the DAS corrected 
for compressibility. 
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NAVIGATIONAL WATCHES 


Accurate time is essential to a navigator’s 
work. Four standard time pieces used by 
the Air Force are the chronometer, the 
master watch, the navigational stop watch, 
and the hack (wrist) watch. 


The chronometer is the most delicate of 
navigation instruments and must be treat- 
ed as such. Rarely is it carried in the air- 
craft. Usually, it is kept in a briefing room 
or at operations with a rate and error card 
so that the navigator can set his watch by it. 
A chronometer beats half seconds, that is 
120 times per minute. Its daily error rate 
should be less than one second. 

A master navigation watch, illustrated, 
has a sweep second hand and a 24 hour dial. 
For maximum accuracy, it should be kept 
in the metal box provided with the watch. 
The box has a spring mounted clip to hold 
the watch and a window through which the 
watch can be read. This watch is customarily 
set to Greenwich mean time and, when 
carefully regulated, is very accurate. All 
hack watches used by the Air Force have a 
mechanism for setting the hand to permit 








precise adjustment. When the winding 
crown is disengaged, the watch stops, start- 
ing again instantly when the crown is 
pushed in. Such a watch is set by retracting 
the crown when the second hand is on zero, 
setting the hour and minute hands a minute 
or two ahead of the correct time and then 
pushing the crown in when the time indi- 
cated by the watch comes up. This process 
is called hacking the watch. 


The stop watch is described in Chapter 4, 
The Stopwatch. The wrist watch or hack 
watch, as it is most often called, is similar 
to conventional wrist watches except that 
it has a 24 hour dial, luminous hands and 
numerals, and it can be hacked. This watch 
cannot be expected to be as accurate as a 
master watch and should not be used for 
long periods of time without being checked. 


Watch Errors 


The error of a watch is the total differ- 
ence between accurate time and the time 
shown by the watch. The rate of a watch is 
its average daily loss or gain. Therefore, 
the rate of a watch is its error divided by 
the number of days since the watch was set. 


The rate of a watch varies with several 
factors. It varies with the position of the 
watch, whether it is placed on its back or 
perhaps hung by a chain in an upright posi- 
tion. It varies with the tension of the 
mainspring, whether it is wound tight or 
nearly run down. It varies with tempera- 
ture and humidity. It also varies with any 
acceleration; thus the rate of a wrist watch 
may change as you move your arm or as 
the aircraft in which you are flying turns 
or changes speeds. 


A good navigation watch is an intricate 
mechanism, which is partially compensated 
for these factors. When it is properly ad- 
justed, its rate varies comparatively little. 
A medium-priced master watch, for exam- 
ple, counts 86,400 seconds per day, often 
without missing more than one or two sec- 
onds per day. Thus, its accuracy is about 
1 in 40,000. 


AF MANUAL 51-40 VOL 1 15 OCTOBER 1959 


A watch cannot be expected to keep per- 
fect time. But, if the rate of the watch and 
the length of the time since the watch was 
set are known, the correct time can easily 
be calculated. To rate a watch, check it daily 
with a radio time signal or a rated chronom- 
eter and keep a record of its performance. 
Record the data each day as shown in Rat- 
ing of Watch. The rate of a new watch can 
be expected to vary. But within a few days 
or weeks, the rate should become more or 
less constant. Then the rate changes only if 
external conditions change or if the watch 
is damaged or allowed to run down. If the 
watch runs down, the rating process must 
be started over. 


RATING OF WATCH 


Reading ERROR 
of Watch F 


17-00-00 00-00 


17-00-12 00-12 
17-00-22 00-22 
17-00-36 00-36 
17-00-45 00-45 





Radio Time Signals 


Due to the inherent errors of mechanical 
time keepers, it is extremely difficult to 
maintain accurate time over long periods. 
Fortunately, accurate time signals are 
broadcast all over the world many times 
daily. By use of these time signals, which 
are broadcast on several frequencies, the 
navigator can determine his watch error at 
any time. 

The time signals originate at the United 
States Naval Observatory, Washington, D. 
C., and are broadcast by the United States 
Navy and the National Bureau of Stand- 
ards. The stations most often used are 
WWV, Washington, D. C., and WWVH, 
Honolulu, T. H. A complete list of the sta- 
tions, frequencies, hours of operation, and 
the sequence by which the time is given can 
be found in the Flight Planning Document. 
The appropriate page from this document 
is reproduced here. 
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26 STANDARD FREQUENCIES AND TIME SIGNALS 


TIME ANNOUNCEMENTS STANDARD MUSICAL PITCH 
STANDARD RADIO FREQUENCIES STANDARD AUDIO FREQUENCIES 
STANDARD TIME INTERVALS RADIO PROPAGATION NOTICES 
WWV (WASHINGTON, D.C.) Digit Propagation Letter WWVH (HAWAII) 


BROADCAST CONTINUOUSLY (Forecast) Condition (Current) BROADCAST CONTINUOUSLY ** 


Freq, Power, Modulations : useless ba Freq, Power, ‘Modulations 
2 very poor Ww Mc Kw C/S 
Mc Kw C/S 
2.5 1.0 440 or 600 2 . 1ROOE bel ? zu seston see 
; 4 poor to fair W 10 2.0 440 or 600 
5 8.0 440 or 600 5 fal U 
air 15 2.0 440 or 600 
10 9.0 440 or 600 6 fair to good N 
15 9.0 440 or 600 7 good N 
20 1.0 440 or 600 8 very good N **REGULAR INTERRUPTIONS 
25 0.1 440 or 600 9 excellent N EXPLAINED BELOW. 


THE HOUR ILLUSTRATED IS 1600Z TO 1700Z IN 24 HOUR TIME 
(GREENWICH MEAN TIME) 


TONE 1S SILENT cepmemm@ @eeee weweees seeen 


ONLY FAINT Ti 
= SILENCE ON WWVH 


IS AUDIBLE 
=] 
\ $s rl 






ceo @meece op ap a= a @geeq @ 
FOLLOWED BY PROPAGATION 
FORECAST ON WWVH 


1 é $ 0 


apecee e 
FOLLOWED BY PROPAGATION 
FORECAST ON WWV 


1 é 2 0 

om a= ap a @eesee oom a ep ap ap Gp aD 
FOLLOWED BY PROPAGATION 

aan a a Geees ecco ap a ap ap Ga aD 
FOLLOWED BY PROPAGATION FORECAST ON WWV 

FORECAST ON WWVH 


1 é 3 é 2 5 
SILENCE ON WWVH 
) é 3 ) 
A VOICE ANNOUNCEMENT OF AMERICAN SECONDS PULSE (NO PULSE IS TRANSMITTED 
EASTERN STANDARD TIME IS GIVEN EACH AT THE BEGINNING OF THE LAST SECOND 
FIVE MINUTES FROM STATION WWV OF EACH MINUTE) 


The entire broadcast of station WWVH is interrupted for 3 minutes following each hour and half hour and for periods of 
34 minutes beginning at 1900Z. Also, during the week including the third Tuesday of each month, the WWVH broadcast is in- 
terrupted from 1900Z to 2200Z as follows: 5 mc on Tuesday; 10 mc on Wednesday; 15 mc on Thursday. 

Two standard audio frequencies, 440 and 600 cycles per second, are broadcast on all radio carrier frequencies. The audio 
frequencies are given alternately, starting with 600 cycles on the hour for 3 minutes, interrupted 2 minutes, followed by 440 cycles 
for 3 minutes, and interrupted 2 minutes. Each 10 minute period is the same. 

The audio frequencies are interrupted for intervals of precisely 2 minutes. They are resumed precisely on the hour and each 
5 minutes thereafter. 

Greenwich Mean Time is announced in telegraphic code each 5 minutes starting with 0000 at midnight. Time announce- 
ments are with reference to return of the audio frequencies. 

There is a pulse on each carrier frequency of 0.005-second duration which occurs at intervals of precisely 1 seoond, and is 
heard as a faint tick when listening to the broadcast. 

On WWYV an announcement of radio propagation conditions for the North Atlantic Area is broadcast in code on each of the 
standard radio frequencies at nineteen and one half and forty-nine and one half minutes past the hour. If a warning is in effect, 
the letter “W”" followed by a digit from one to nine (in international morse code) is repeated 6 times following the time announce- 
ment. If unstable conditions are expected, the letter “U” followed by a digit is repeated 6 times. If there is no warning, the letter 
“N" followed by a digit is repeated 8 times. The digits 1 through 9 which follow the letters are forecast codes indicating the 
expected quality of future reception for next 12 hours. Forecasts are prepared at 0500, 1200, 1700, and 2300Z. See forecast prop- 
agation condition scale above. 

Radio propagation conditions of a similar nature for che North Pacific Area are also broadcast on WWVH in code, repeated 
4 times, every half hour at 9 and 39 minutes past the hour after the time announcement and station identification. The 0200Z fore- 
cast is first broadcast at 0239Z and every half hour through 1809Z. The 1800Z forecast is first broadcast at 1839Z (station is off 
the air at 1909Z) continuing every half hour through 0209Z. Forecasts are the quality of high frequency radio propagation on 
transmission paths such as Anchorage-Tokyo or Great Falls-Adak. They apply with less reliability to transmission on lower latitude 
paths. 











Dead 


Reckoning 


The navigator builds his knowledge upon 
certain fundamentals as is true in learning 
any profession. In navigation these basic 
ideas or methods are called dead reckoning 
(DR) procedures. Correct use of the plot- 
ter, dividers, computer, and charts to solve 


the three basic problems of navigation . 


(position of the aircraft, direction to desti- 
nation, and time of arrival) all make up 
dead reckoning procedures. 

It is possible, using only basic instru- 
ments such as the pressure altimeter, com- 
pass, airspeed meter, and driftmeter, to 
navigate directly to any place in the world. 
But this would take conditions approaching 
the ideal such as good weather and perfect 
instruments. Therefore aids to dead reckon- 
ing or DR such as celestial, radar, loran, 
map reading, etc., have been developed to 
correct inadequacies of basic navigation. 
These aids are primarily known as fixing 
aids, and provide information from which 
the fundamental skills of DR can be used 
to compute winds, groundspeeds, and alter- 
ations to the path of the aircraft in order 
to complete an assigned mission. 

Thus, proficiency in dead reckoning pro- 
cedures is indispensable if full use is to 
be made of the aids to navigation. 


PLOTTING 


Proper chart work must be learned before 
a navigator can direct an aircraft from one 


Chapter 


point to another. The structure and proper- 


ties of maps and charts have been covered. 


Now, the next step of plotting positions and 
directions or lines on a chart will be taken. 
Chart work should be an accurate and 
graphic picture of the progress of the air- 
craft from departure to destination and, 
with the log, should serve as a complete 
record of the flight. Thus it also follows 
that the navigator must be familiar with 
and use accepted standard symbols and 
labels on his chart. 


Definition of Terms 


Several terms have been mentioned in 
earlier portions of this manual. Precise defi- 
nitions of these terms must now be under- 
stood before the mechanics of chart work 
are learned. 

True Course (TC) is the intended hori- 
zontal direction of travel over the surface 
of the earth, expressed as an angle meas- 
ured clockwise from true north (000°) 
through 360 degrees. 


Course line is the horizontal component 
of the intended path of the aircraft com- 
prising both direction and magnitude or 
distance. 

Track (Tr) is the horizontal component 
of the actual path of the aircraft over the 
surface of the earth. Track may, but very 
seldom does, coincide with the true course 
or intended path of the aircraft. The differ- 
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ence between the two is caused by an in- 
ability to predict perfectly all inflight con- 
ditions. 

True Heading (TH) is the horizontal 
direction in which an aircraft is pointed. 
More precisely, it is the angle measured 
clockwise from true north through 360 de- 
grees to the longitudinal axis of the aircraft. 
The difference between track and true head- 
ing is caused by wind and will be explained 
fully under wind triangles. 

Groundspeed (GS) is the rate of motion 
of the aircraft relative to the earth’s sur- 
face or, in simpler terms, it is the speed of 
the aircraft over the ground. It may be ex- 
pressed in nautical miles, statute miles, or 
kilometers per hour, but, as a navigator, 
you will use nautical miles per hour 
(knots). 

True Airspeed (TAS) is the rate of mo- 
tion of an aircraft relative to the air mass 
surrounding it. Since the air mass is usually 
in motion in relation to the ground, airspeed 
and groundspeed seldom are the same. 

Dead Reckoning Position (DR position) 
is a point in relation to the earth established 
by keeping an accurate account of time, 
groundspeed, and track since the last known 
position. It may also be defined as the posi- 
tion obtained by applying wind effect to the 
true heading and true airspeed of the air- 
craft. 

A Fiz is an accurate position determined 
by one of the aids to DR. One method of 


True Heading and 
True Airspeed 
(air vector) 


Track and Groundspeed 
(ground vector) 


Wind direction and 
speed (W/V vector) 


fixing (map reading) will be discussed in 
this chapter. Other methods such as celes- 
tial will be explained in succeeding chap- 
ters of Volumes IJ and II. 


Air Position (AP) is the location of the 
aircraft in relation to the air mass sur- 
rounding it. True heading and true airspeed 
are the components of the vector used to 
establish an air position. 

Most Probable Position (MPP) is a posi- 
tion determined with partial reference to a 
DR position and partial reference to a fix- 
ing aid. 


Plotting Equipment 


PENCIL AND ERASER. Probably the most 
elementary but indispensable articles of 
plotting equipment are pencils and erasers. 
The pencil should be fairly soft and well 
sharpened. A hard pencil is undesirable, not 
only because it makes lines which are light 
and difficult to see, but also because it 
makes lines which are difficult to erase. An 
experienced navigator keeps his chart 
clean by erasing all unnecessary lines. It is 
good practice to carry several well-sharp- 
ened wooden pencils rather than a mechan- 
ical pencil. Mechanical pencils generally 
make broader, less precise lines. 


Use a soft eraser which will not smudge 
or damage the chart. Hard, gritty erasers 
tend to wear away printed information as 
well as the paper itself. Not all erasers will 


Eee hind 





Standard Plotting Symbols 








remove all pencil lines, so find a_pencil- 
eraser combination that will work satisfac- 
torily. Nothing reflects a navigator’s ability 
more than keeping neat, clean, accurate 
charts and logs. An untidy chart, smudged 
and worn through in places, often causes 
one to conclude that the navigation per- 
formed was careless. 


DIVIDERS, A pair of dividers is an instru- 
ment used for measuring distances on a 
chart by separating the points of the divid- 
ers to the desired distance on the proper 
scale (usually the latitude scale) and trans- 
ferring this distance to the working area of 
the chart. In this way, lines of a desired 
length can be marked off. By reversing the 
process, unknown distances on the chart 
can be spanned and compared with the scale. 

It is desirable to manipulate the dividers 
with one hand, leaving the other free to use 
the plotter, pencil, or chart as necessary. 
Most navigation dividers have a_ tension 
screw which can be adjusted to prevent the 
dividers from becoming either too stiff or 
too loose for convenient use. The points of 
the dividers should be adjusted to approxi- 
mately equal length. A small screw driver, 
required for these adjustments, should be 
a part of the navigator’s equipment. 

While measurement is being made, the 
chart should be flat and smooth between the 
points of the dividers, as a wrinkle may 
cause an error of several miles. Points on a 


SCALES FOR 
DIRECTION 





SCALES FOR 
WAC CHART 
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USE DIVIDERS 
WITH ONE HAND 


tae 


IF DIVIDERS 
ARE TOO STIFF 
LOOSEN STUD 





chart may be marked by applying slight 
pressure on the dividers so that they prick 


_the chart. Too much pressure results in 


large holes in the chart and tends to spread 
the points of the dividers farther apart, 
reducing measurement accuracy. Precision 
navigation requires precision measurement. 


PLOTTERS. A plotter is an instrument de- 
signed primarily to aid in drawing and 
measuring lines in desired directions. 
Plotters vary from complicated drafting 
machines and complete navigator’s drafting 
sets to a simple plotter combining a kind of 
protractor and straight edge. The plotter 
in most common use in the Air Force is the 
PLU-1/C plotter shown. 


SCALES FOR COURSES 
NEAR 180° AND 360° 


et 
eee ef et eee feet eee 


SCALE FOR 
SECTIONAL CHART 
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1. STRAIGHT EDGE 
PARALLEL WITH TC 
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3. USE THIS SCALE; 
READ DIRECTION ON 
SCALE OVER MERIDIAN 





2. CENTER HOLE 
OVER MERIDIAN 


To Measure True Course 


The PLU-1/C is a semicircular protrac- 
tor with a straight edge attached to it. A 
small hole at the base of the protractor por- 
tion indicates the center of the arc of the 
angular scale. Two complete scales cover 
the outer edge of the protractor and are 
graduated in degrees. A third, inner scale 
measures the angle from the vertical. 

The outer scale increases from 000 de- 
grees to 180 degrees counterclockwise, and 
the inner scale increases from 180 degrees 
to 360 degrees counterclockwise. An angle 





The Inner Scale reads from 180° to 360° 
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Measure True Course Near 180° or 360° 


is measured by placing the vertical line 
(that line containing the small hole) on a 
meridian, and aligning the base of the plot- 
ter with the line to be measured as shown 
in the illustrations measuring true course. 

The angle measured is the angle between 
the meridian and the straight line. The 
outer scale is used to read all angles be- 
tween north through east to south, and the 
inner scale is used to read all angles be- 
tween south through west to north as in the 
related illustration. 





The Outer Scale Reads from 0° to 180° 














Invert Mercator 
for use in South 
Latitude 


Plotting Procedure, Mercator Chart 


PREPARATION. A great many charts and 
plotting sheets are printed on the Mercator 
projection. Much of the plotting work of a 
navigator is done on blank plotting sheets, 
carrying only parallels of latitude and me- 
ridians. Regardless of the sheet selected, 
some preliminary work is necessary. A 
plotting sheet should be oriented correctly 


depending upon the latitude. If the chart is 


to be used inh south latitudes, the sheet is 
turned upside down so that the latitude in- 
creases toward the south. 


On most plotting charts only the parallels 
bear printed numbers, and the meridians 
should be assigned the appropriate values 
for the longitude of the flight. As shown in 
the illustration, with North at the top of the 
chart, west longitude increases toward the 
western (left) edge and east longitude in- 
creases toward the eastern (right) edge. 
This is true in both north and south lati- 
tudes. However, with South at the top of 
the chart, west longitude increases to the 
right and east longitude increases to the 
left. Once the meridians are numbered, the 
points of departure and designation should 
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Use Care in Numbering Meridians 


be plotted, along with important navigation 
aids. 


Before any plot is started, the scale and 
projection of the chart should be noted and 
the date should be checked to make sure 
that it is the latest edition. The latitude 
scale is used to represent nautical miles. 
The longitude scale should never be used 
to measure distance. Some charts carry a 
linear scale in the margin, and, where 
present, it indicates that the same scale 
may be used anywhere on the chart. 


PLOTTING POSITIONS. On some Mercator 
charts, the spacing between meridians and 
parallels is close enough to permit plotting 
by visual interpolation. However, on most 
Mercator charts, the meridians and paral- 
lels are more widely spaced, necessitating 
the use of dividers. There are several 
methods by which positions can be plotted 
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Plotting Positions on a Mercator 


on Mercator charts. One method is illus- 
trated. Place the straight edge of the plot- 
ter in a vertical position, at the desired 
longitude. Setting the dividers to the de- 
sired number of minutes of latitude, hold 
one point on the parallel of latitude corre- 
sponding to the whole degree of latitude 
given and against the straight edge. Let the 
other point also rest against the straight 
edge and lightly prick the chart. This marks 
the desired position. In measuring the lati- 
tude and longitude of a position already 
plotted, the procedure is reversed. 

PLOTTING AND MEASURING CouRSES. After 
departure and destination have been plot- 
ted on the chart, the next step is to draw 
the course line between the two points. If 
they are close together, the straight edge 
of the plotter can be used. If they are far 
apart, two plotters can be used together, 
or a longer straight edge can be_ used. 
If none of these methods is adequate, 
fold the edge of the chart so that the fold 
connects the departure and _ destination 
points, and make a series of pencil marks 
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along the edge. A plotter or straight edge 
can then be used to connect the points when 
the chart is unfolded. 

After the course line has been plotted and 
labeled, the next step is to determine its 
direction. Place the points of the dividers 
or a pencil anywhere along the line to be 
measured. Letting the plotter slide on this 
point, swing the plotter until (1) the 
straight edge is parallel with the line to be 
measured, and (2) the center hole is over 
any meridian as shown. The direction will — 
be indicated on the protractor at the merid- 
ian. Keep in mind the approximate direc- 
tion of the line when reading the protractor. 





SLIDE PLOTTER ALONG | 

DIVIDERS AND CENTER 

HOLE ON MERIDIAN; 
READ TC 


Use Dividers 


A course line has two possible directions: 
the correct one and the opposite or recipro- 
cal. The error of plotting and measuring re- 
ciprocals is, unfortunately, all too common, 
and such mistakes have resulted in serious 
trouble for more than one navigator. By 
having a mental picture of the compass 
rose, the navigator can save himself the 
embarrassment of plotting or measuring re- 
ciprocal courses or bearings. Small arrows 
are found on some plotters near the 90°- 
270° marks to minimize the possibility of 
reading the wrong scale. 
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Reciprocal Directions 


MEASURING NEARLY VERTICAL LINES. 
Sometimes the line whose direction is to be 
measured runs nearly north or south, mak- 
ing it difficult to align the hole in the plot- 
ter with a meridian. In this case, the eas- 
iest solution is to use a parallel of latitude 
as a reference instead of a meridian. The 
plotter is moved along a line until the cen- 
ter hole is over any parallel of latitude. The 
direction of the line is measured by read- 
ing the degree scale on the same parallel 


and mentally adding or subtracting 90 de- — 


grees. The PLU-1/C plotter is provided with 
a short degree scale for measuring such 
angles without adding or subtracting 90 
degrees. 


PLOTTING COURSES FROM GIVEN POSITION. 
A course from a given position can be 
plotted quickly in the following manner: 
Place the point of a pencil on the position 
and slide the plotter along this point, rotat- 
ing it as necessary, until the center hole 
and the figure on the protractor represent- 
ing the desired direction are lined up with 
the same meridian. Hold the plotter in place 
and draw the line along the straight edge. 


PLOTTING NEARLY VERTICAL COURSES. 
When a course which extends nearly north 
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HOLD PENCIL ON POSITION UNTIL PLOTTER !S ALIGNED 


MERIDIAN INTERSECTING 
SCALE READ 100° 





Plotting a Course 


or south is to be plotted, the simplest meth- 
od of orienting a plotter is to align the plot- 
ter with a parallel of latitude, as explained 
previously. Hold a pencil on the point from 
which the course is to be drawn, and then 
slide the plotter along the pencil until the 
center hole and the desired course on the 
small scale of the PLU-1/C protractor are 
both on the same parallel. The edge of the 
plotter against the pencil is now aligned 
with the desired course and the course line 
can be drawn. 


DESIRED DEGREE 
+90° 





DESIRED COURSE LINE 190° 


Plotting Nearly Vertical Courses 
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MEASURING DISTANCE. One of the disad- 
vantages of the Mercator chart is the lack 
of a constant scale. If the two points be- 
tween which the distance is to be measured 
are approximately in a north-south direc- 
tion and the total distance between them 
can be spanned, the distance can be meas- 
ured on the latitude scale opposite the mid- 
point. However, the total distance between 
any two points that do not lie approximately 
north or south of each other should not be 
spanned unless the distance is short. All 
distances should be measured as near the 
midlatitude as possible. 


In the measurement of long distances, a 
midiatitude lying approximately half-way 
between the latitudes of the two points 
should be selected. By using dividers set to 
a convenient, reasonably short distance, 


such as 60 nautical miles picked off at the 
midlatitude scale, one may determine an 
approximate distance by marking off units 
along the line to be measured as shown. 
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Midlatitude Scale 


The scale at the midlatitude is accurate 
enough if the course line does not cover 
more than 5 degrees of latitude (somewhat 
less in high latitudes). If the course line 
exceeds this amount or if it crosses the 
equator, it should be divided into two or 
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more legs and the length of each leg meas- 
ured with the scale of its own midlatitude. 


Plotting Procedure, Lambert Conformal 
and Gnomonic Charts 


PLOTTING POSITIONS. On a Lambert con- 
formal chart, the meridians are not paral- 
lel as on a Mercator chart. Therefore, in 
plotting a position by the method described 
under Mercator charts, it is not accurate to 
allow the plotter to parallel any one printed 
meridian. Instead, the plotter should inter- 
sect two graduated parallels of latitude at 
the desired longitude. When the plotter is 
in this position, the dividers are set to the 
given minutes of latitude, and with one 
point resting on the given parallel of lati- 
tude against the plotter, the other point will 
rest on the correct position adjacent to the 
plotter. This procedure should be followed 
on a small scale chart where the meridians 
show marked convergence. On a large scale 
chart, the meridians are so nearly parallel 
that this precaution is unnecessary. 


The scale on all parts of a Lambert con- 
formal chart is essentially constant. There- 
fore, it is not absolutely necessary to pick 
off minutes of latitude near any particular 
parallel except in the most precise work. 
Distances can be measured using any por- 
tion of the latitude scale, or by using the 
miles scale which is usually shown. 


PLOTTING AND MEASURING COURSES. Any 
straight line plotted on a Lambert conform- 
al chart is approximately an arc of a great 
circle. In long distance flights, this feature 
is advantageous since the great circle course 
line can be plotted as easily as a rhumb line 
on a Mercator chart. 

However, for shorter distances where the 
difference between the great circle and 
rhumb line is negligible, the rhumb line is 
more desirable because a constant heading 
can be held. For such distances, the ap- 
proximate direction of the rhumb line 
course can be found by measuring the great 
circle course at midmeridian as shown. In 
this case, the track is not quite the same 

















USE MIDLONGITUDE FOR 
MEASURING COURSE ON 
A LAMBERT 


> awe 


as that indicated by the course line drawn 
on the chart, since the actual track (a 
rhumb line) appears as a curve convex to 
® the equator on a Lambert conformal chart, 
while the course line (approximately a great 
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’ Use Midlongitude to Measure Course on a Lambert 


circle) appears as a straight line. At the 
midpoint, the two are approximately paral- 
lel (except for very long distances) along 
an oblique course line as indicated in the 
next illustration. 





At Midmeridian, Rhumb Line and Great Circle have Approximately the Same Direction 
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GNOMONIC 


MERCATOR 





“ GREAT CIRCLE AS A STRAIGHT LINE (A) 


COURSES TO BE FLOWN (B) 


Points along a Great Circle Drawn on a Gnomonic Chart are Transferred to a Mercator Chart 


For long distances involving great circle 
courses, it is not feasible to change heading 
continually, as is necessary to follow a 
great circle exactly, and it is customary to 
divide the great circle into a series of legs, 
each covering about 5 degrees of longitude. 
The direction of the rhumb line connecting 
the ends of each leg is found at its mid- 
meridian. 


MEASURING DISTANCE. As previously stat- 
ed, the scale on a Lambert conformal chart 
is practically constant, making possible the 
use of any part of a meridian graduated in 
minutes of latitude for measurement of 
nautical miles. Scales of both nautical and 
statute miles are shown on some Lambert 
conformal charts. 


PLOTTING ON A GNOMONIC CHART. Gno- 
monic charts are used mostly for planning 
great circle routes. Since any straight line 
on a gnomonic chart is an arc of a great 
circle, a straight line from the point of de- 
parture to destination indicates the great 
circle track. This great circle track is cus- 
tomarily used by transferring the line in 
segments to a Mercator chart as shown. 


The latitude and longitude of a series of 
points along the great circle are measured 
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and plotted on a Mercator chart. They are 
then connected with straight (rhumb) lines. 


PLOTTING HINTS. The following sugges- 
tions should prove helpful in developing 
good plotting procedure: 


1. Measure all directions and distances 
carefully. Check and doublecheck all meas- 
urements, computations, and positions. 


2. Avoid plotting unnecessary lines. If a 
line serves no purpose, erase it. Do not al- 
low lines to extend beyond their useful 
limits. 

3. Keep plotting equipment in good work- 
ing order. If the plotter is broken, replace 
it. Keep sharp points on dividers. Use a 
sharp-pointed, soft pencil and an eraser that 
will not smudge. 


4. Draw light lines at first, as they may 
have to be erased. When the line has been 
checked and proven to be correct, then 
darken it if desired. 


5. Hold the pencil against the plotter at 
the same angle throughout the entire length 
of the line. 

6. Label lines and points immediately 
after they are drawn. Use standard labels 
and symbols. Letter the labels legibly. Be 
neat and exact. 








THE DR COMPUTER 


Almost any type of navigation requires 
the solution of simple arithmetical prob- 
lems involving time, speed, distance, fuel 
consumption, and so forth. In addition, 
the effect of the wind on the aircraft must 
be known; therefore the wind must be com- 
puted. To solve such problems quickly and 
with reasonable accuracy, various types of 
computers have been devised of which the 
computer described in this manual is one of 
the newest. This computer is simply a com- 
bination of two devices: (1) a circular slide 
rule for the solution of arithmetical prob- 
lems and (2) a specially designed instru- 
ment for the graphical solution of the wind 
problem. 

The slide rule is a standard device for the 
mechanical solution of various arithmetical 
problems. Slide rules operate on the basis 
of logarithms, but no knowledge of logar- 
ithms is necessary for the successful use of 








S8nom 


S210 


AF MANUAL 51-40 VOL 1 15 OCTOBER 1959 


the instrument. Slide rules are _ either 
straight or circular; the one on the dead 
reckoning computer is circular. 


The slide rule face of the computer shown 
consists of two flat metallic disks, one of 
which can be rotated around a common 
center. These disks are graduated near 
their edges with adjacent, logarithmic 
scales to form a circular slide rule approxi- 
mately equivalent to a straight, 12-inch 
slide rule. Since the outer scale usually 
represents a number of miles and the inner 
scale, a number of minutes, they are called 
the miles scale and the minutes or time 
scale, respectively. 


The numbers on each scale represent the 
printed figure with the decimal point moved 
any number of places to the right or left. 
For example, the figure 12 on either scale 
can represent 1.2, 12, 120, 1200, etc. 


Since speed (or fuel consumption) is ex- 
pressed in miles (or gallons or pounds) per 
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TWO LOGARITHMIC SCALES 
MILES (OUTER SCALE) 
MINUTES (INNER SCALE) 


The MB-4 DR Computer is Fundamentally a Circular Slide Rule 
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hour (60 minutes), a large, black arrow 
marked speed index is placed at the 60- 
minute mark. 


Graduations of both scales are identical. 
The graduations are numbered from 10 to 
100 and the unit intervals decrease in size 
as the numbers increase in size. Not all unit 
intervals are numbered. The first element 
of skill in using the computer is a sure 
knowledge of how to read the numbers. 


Reading the Slide Rule Face 


The unit intervals which are numbered 
present no difficulty. The whole problem 
lies in giving the correct values to the many 
small lines which come between the num- 
bered intervals. There are no numbers 
given between 25 and 30 as shown in Un- 
numbered Divisions, for example, but it is 
obvious that the larger intermediate divi- 
sions are 26, 27, 28, and 29. Between 25 and 
(unnumbered) 26, there are five smaller 





divisions, each of which would therefore 
be .2 of the larger unit. 


To find an uneven number, such as 83 
(illustrated), find first the nearest smaller 
numbered graduation (80), then the near- 
est larger numbered graduation (90). After 
observing the value of the divisions be- 
tween, select the proper division (in this 
case, the third) for the desired number. 


For a number such as 278, first find the 
27 (for 270), then the 28 (for 280), then 
the fourth of the intermediate divisions 
(for 278) since the divisions here are of two 
units each. Obviously, unit divisions will 
be found only for numbers made up of rela- 
tively few integers. For a number such as 
27812, the point already chosen for 278 
would be used. This same point would also 
be used for 27.8, 2.78, etc. There are thus 
several numbers for each point on the scale. 
The matter of the use and place of the 
decimal point is largely one of common 
sense. 








Problems on the Slide Rule Face 


SIMPLE PROPORTION. The slide rule face 
of the computer is so constructed that any 
relationship between two numbers, one on 
the miles scale and one on the minutes scale, 
will hold true for all other numbers on the 
two scales. Thus, if the two 10’s are placed 
opposite each other, all other numbers will 
be identical around the circle. If 20 on the 
minutes scale is placed opposite 10 on the 
miles scale, all numbers on the minutes 
scale will be double those on the miles scale. 
This feature allows one to supply the fourth 
term of any mathematical proportion. Thus, 
the unknown in the equation 


18 x 

45 80 
could be solved on the computer by setting 
18 on the miles scale over 45 on the minutes 
scale and reading the answer (32) above 
the 80 on the minutes scale. It is this rela- 


tionship that makes possible to solution of 
time-speed-distance problems. 


TIME, SPEED, AND DISTANCE. An aircraft 
has traveled 24 miles in 8 minutes. How 
many minutes will be required to travel 150 
miles? This is a simple proportion which 
can be written as 


Setting the 24 over the 8 on the computer 
as illustrated, and reading under the 150, 
we find the answer to be 50 minutes. 


A problem that occurs often is to find 
the groundspeed of the aircraft when a giv- 
en distance is traveled in a given time. This 
is solved in the same manner, except that 
the computer is marked with a speed index 
to aid in finding the correct proportion. In 
the problem just stated, if 24 is set over 8 
as in the original problem, the groundspeed 
of the aircraft, 180 knots, is read above the 
speed index as shown in the illustration. 
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DISTANCE TO FLY 
150 MILES 


TIME TO FLY 
50 MINUTES 











JSVL pee: sex 


TIME IN FLIGHT |*\- 
8 MINUTES 


20 01 burpucds 


“uo o 
-@2103 (mouy 


ws UO xepur 














ON Yoeyy your 


fal 188 ON yor: 


T RECKONING 


Solve for X 


Example: To find distance when ground- 
speed and time are known. 


Given: Groundspeed 204 knots. 


Required: Distance traveled in 1 hour 15 
minutes (75 minutes) 


Solution: Set the speed index on the min- 
utes scale to 204 on the miles scale. Oppo- 
site 75 on the minutes scale, read 255 nau- 
tical miles on the miles scale. The computer 


solution is shown. 





Find Distance when Speed and Time are known 
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Example: To solve for time when speed 
and distance are given. 


Given: Groundspeed 250 knots 
Distance 375 miles 


Required: Time 


Solution: Set speed index on the minutes 
scale opposite the groundspeed (250 knots) 
on the miles scale. Opposite the distance 
(375) on the miles scale read the time 
(1:30) on the minutes scale. In this in- 
stance, the hours scale beneath the minutes 
scale is used since the time is more than 
one hour. The minutes scale reads correctly 
in minutes (90 minutes) but the hours scale 
converts the time into hours and minutes. 


The computer solution is shown. 
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Find Time when Speed and Distance are known 


Example: To find speed when time and 
distance are known. 


Given: Distance 140 nautical miles 
Time 40 minutes 


Required: Groundspeed 


Solution: Set the distance (140) on the 
miles scale above the time (40) on the 
minutes scale. Read the groundspeed (210 
knots) above the speed index on the min- 
utes scale as shown. 





Find Speed when Time and Distance are known 


SECONDS INDEX. Since one hour is equiv- 
alent to 3600 seconds, a subsidiary index 
mark, called seconds index, is marked at 36 
on the minutes scale of some computers. 
When placed opposite a speed on the miles 
scale, the index relates the scales for con- 
verting distance to time in seconds. Thus, 
if 36 is placed opposite a groundspeed of 
144 knots, 50 seconds is required to go two 
nautical miles, and in 150 seconds (2 min- 
utes 30 seconds) 6.0 nautical miles are cov- 
ered. Similarly, if four nautical miles are 
covered in 100 seconds, groundspeed is 144 
knots. 


CONVERSION OF DISTANCE. Subsidiary in- 
dexes are placed on some computers to aid 
in the conversion of distances from one unit 
of measure to another. The most common 
interconversions are those involving statute 
miles-nautical miles-kilometers. 


Statute-Nautical Mile Interconversion. 
The miles scale of the computer is marked 
with a statute mile index at 76 and a nau- 
tical mile index at 66. The units are inter- 
converted by setting the known distance 
under the appropriate index and reading 
the desired unit under the other. 





Example: To convert 186 statute miles 
to nautical miles, set 186 on the minutes 
scale under the STAT index on the miles 
scale. Under the NAUT index on the miles 
scale, read the number of nautical miles 
(118) on the minutes scale. See illustration, 
Statute-Nautical Mile-Kilometer Interconver- 

Conversion of Nautical or Statute Miles 
to Kilometers. A kilometer index is indi- 
cated on the miles scale of the computer at 
122. When nautical or statute miles are 
placed under their appropriate index on the 
miles scale, kilometers may be read, on the 
minutes scale, under the Km index. 

Example: To convert 118 nautical miles 
to kilometers, place 118 on the minutes 
scale under the NAUT index on the miles 
scale. Under the KM index on the miles 
scale, read kilometers (218) on the minutes 
scale. 
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Statute Mile — Nautical Mile — Kilometer 
Interconversion 


MULTIPLICATION AND DIVISION. Multiplica- 
tion and division can be considered as a 
process of adding and subtracting, respec- 
tively, the logarithms (logs) of two num- 
bers. Thus, to multiply 12 by 2 and divide 
the product by 8, one can add the logarithm 
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of 2 to the logarithm of 12, and then sub- 
tract from the sum the logarithm of 8: 





12 log 1.07918 
xX Zlog +_.30103 
24 log 1.38021 
+ 8log —_.90309 
3 log ATI12 


The miles and minutes scales on the com- 
puter are logarithmic scales; that is, they 
are graduated so that the scale distance 
from 1.0 (printed 10 and called the index) 
to any other number is proportional to the 
logarithm of that number. Thus the distance 
from the index to 12 is proportional to the 
logarithm of 12, and the distance from the 
index to 2 is proportional to the logarithm 
of 2. Since the scales match when the in- 
dexes are brought together, placing the 
index on the minutes scale opposite 12 on 
the miles scale offsets the minutes scale by 
log 12. Thus the log of any number such as 
2 is added to log 12 by increasing the dis- 
tance from the index to 12 on the miles 
scale by the distance from the index to 2 
on the minutes scale. In the illustration, To 
Multiply Two Numbers, the index on the 
minutes scale is placed opposite one of the 
numbers to be multiplied (12), and the 
product (24) is read on the miles scale 


above the other number (2) on the minutes 


scale. 






DEAD RECKON;y 
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To Divide One Number by Another 


Numbers are divided by decreasing the 
log of one number by the log of the other 
number. Thus, to divide 24 by 8 (illustra- 
tion, To Divide One Number by Another), 
set the divisor (8) on the minutes scale 
opposite the dividend (24) on the miles 
scale, and read the quotient (8) on the 
miles scale opposite the index on the min- 
utes scale. 

The rules for placing the decimal point 
are given in most algebra texts. However, 
in the computations encountered in air navi- 
gation, as in the above examples, there is 
usually no doubt as to the placement of the 
decimal point in the result. 


Review of the Computer 


The computer is a circular slide rule with 
two circular scales; the outer miles scale 
and the inner minutes scale. The inner scale 
is rotatable. A ratio exists around the slide 
rule so that when one ratio or fraction is 
set on the scale, this automatically sets up 
every possible fraction of equal value. 
Knowing one term of any fraction in the 
proportion, the other term is found either 
above or below the known term. 


Use caution in positioning the decimal 
point in problems. The slide rule is based 
on logarithms; consequently, the numbers 
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represent multiples of ten. The number 10 
may represent 10,000 in one problem and 
only 100 in another, yet it is found in the 
same place. However, in most cases, the 
position of the decimal point will be fairly 
obvious. 

Another thing to learn is the value of the 
graduations between numbers. In some 
cases it may be one, and in others two. 
When looking for uneven numbers, find the 
nearest smaller numbered graduation and 
the nearest larger numbered graduation and 
determine the value of the divisions in be- 
tween. Then select the value desired. 

The major use of the computer is in solv- 
ing time, speed, and distance problems. Be- 
cause time, speed, and distance problems 
are proportions, they can be solved quickly 
on the computer. Regardless of which un- 
known must be solved, the computer is set 
so that the distance appears over the time 
and the speed appears above the 60 (the 
arrowhead speed index). The number 60 is 
used because in most cases, values in knots 
are desired. 

To convert statute miles to nautical miles, 
or vice versa, there are convenient scales 
provided which eliminate the necessity for 
setting up a proportion. In addition, a kilom- 
eter conversion is provided. 

To solve a problem of multiplication or 
division, set the equation on the computer 
as a proportion. For multiplication, set the 
index under one factor and read the product 
over the other factor. For division, the di- 
visor is placed under the number to be 
divided and the answer is read above the 
index. 

The use of the windows on the slide rule 
side of the computer is covered later. 


EFFECT OF WIND ON AIRCRAFT 


Any vehicle traveling on the ground, such 
as an automobile, moves in the direction in 
which it is steered or headed and is affected 
very little by wind. However, an aircraft 








seldom travels in exactly the direction in 
which it is headed because of the wind 
effect. 

Consider first the effect of wind on a bal- 
loon which has no motion of its own. At 
0900 a balloon is launched into the air at 
point A in the accompanying illustration. If 


WIND FROM 270° 
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Free Object Moves Downwind at a Rate Equal to Wind Speed 


the wind is from 270 degrees at 20 knots 
(W/V,270/20K), where is the balloon at 
1000? Think of the balloon as floating in a 
body of air which moves from 270 degrees 
toward 90 degrees at 20 knots. In one hour 
the body of air moves 20 nautical miles and 
the balloon moves with it. Thus, in the illus- 
tration, at 1000 the balloon is at point B, 
20 nautical miles from point A in the direc- 
tion of 90 degrees. A balloonist never feels 
any wind because he is suspended in the 


body of air and moves with it. Consequent- 
ly, no air moves past him. A balloon in the 
air is just like an empty bottle floating down 
a river; it travels with the current. 

Any free object in the air moves down- 
wind with the speed of the wind. This is 
just as true of an aircraft as it is of a bal- 
loon. If an aircraft is flying in a 20-knot 
wind, the body of air in which it is flying 
moves 20 nautical miles in one hour. There- 
fore, the aircraft also moves 20 nautical 
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MOVEMENT OF AIR 


Path of the Aircraft is Determined by Two Factors 


miles downwind in one hour. This movement 
is in addition to the forward movement of 
the aircraft through the body of air. 

The path of an aircraft over the earth is 
determined by the two unrelated factors 
shown in the related illustration: (1) the 
motion of the aircraft through the air 
mass, and (2) the motion of the air mass 
across the earth’s surface. The motion of 
the aircraft through the air mass is directly 
forward in response to the pull of the pro- 
pellers or thrust of the jet units, and its 
rate of movement through the air mass is 
true airspeed. This motion takes place in 
the direction of true heading. The motion 
of air mass across the earth’s surface may 
be from any direction and at any speed. The 
measurement of its movement is called 
wind and is expressed in direction and 
speed (W/V). 
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Movement of aircraft downwind is 
in addition to forward movement 
of aircraft through air 
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TRUE HEADING (TH) 


In One Hour, the Aircraft Drifts Downwind 
an Amount Equal to the Wind Velocity 





Drift Caused by Wind 


An aircraft’s movement over the ground 
is comparable to a boat crossing a river. If 
there is no current in the river, a boat 
started at one shore of the river and rowed 
perpendicularly to the river’s edge would 
end up at a point on the opposite shore di- 
rectly across from its starting point. 
However, if there is a current, the boat will 
be carried downstream. Until the boat even- 
tually reaches the opposite shore, the dis- 
placement downstream is dependent upon 
the velocity of the river current and the 
speed of the boat. 

The aircraft in the diagram departs from 
point X on a heading of 360 degrees and 
flies for one hour in a wind of 270°/20K. 
The aircraft is headed toward point M, 
directly north of X, so its true heading is 
represented by the line XM. If there were 
no wind, the aircraft would be at point M 
at the end of the hour. However, there is a 
wind. The body of air in which the aircraft 
is flying moves 20 nautical miles toward the 
east in the hour, and the aircraft moves 
with it. Consequently, at the end of the hour 
the aircraft is at point N, 20 nautical miles 
downwind from point M. This line XM is the 
path of the aircraft through the body of air; 
the line MN shows the motion of the body 
of air; and the line XN is the actual path 
of the aircraft over the earth. The effect, 
then, of this wind on the aircraft is to cause 
it to follow a different path over the ground 
than it does through the air mass. The path 
over the ground is its track (Tr). At this 
time it might be well to differentiate be- 
tween the terms true course (TC) and track 
(Tr). True course represents the intended 
path of the aircraft over the earth’s sur- 
face. Track is the actual path that the air- 
craft has flown over the earth’s surface. 
The terms TC and Tr are often considered 
synonymous. Remember, however, that in 
the actual workings of navigation, true 
course is considered to be future, while 
track is considered to be past. 
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The lateral displacement of the aircraft 
caused by the wind is called drift. Drift is 
the angle between the true heading and the 
track. As shown in the illustration, the air- | 
craft has drifted to the right; this is known 
as right drift. 

With a given wind, the drift will change 
on each heading. A change of heading will 
also affect the distance flown over the 
earth’s surface in a given time. This rate 
traveled relative to the earth’s surface is 
known as groundspeed (GS). Therefore, 
with a given wind, the groundspeed (GS) 
varies on different headings. 

The next illustration shows the effect of 
a 270°/20K wind on the groundspeed and 
track of an aircraft flying on headings of 
000°, 090°, 180° and 270°. The aircraft 
flies on each heading from point X for one 
hour at a constant true airspeed. 


Note that on a true heading of 000°, the 
wind causes right drift, whereas on a true 
heading of 180°, the same wind causes left 
drift. On the headings of 090° and 270° 
there is no drift at all. Note further that 
on a heading of 090° the aircraft is aided 
by a tailwind and travels farther in an hour 
than it would without a wind; thus its 
groundspeed is increased by the wind. On 
the heading of 270°, the headwind cuts 
down the groundspeed and also cuts down 
the distance traveled. On the headings of 
000° and 180°, the groundspeed is some- 
what increased. 


Drift Correction Compensates for Wind 


Previously, it has been demonstrated how 
the wind causes drift and affects the track 
of an aircraft. But how to adjust the true 
heading to allow for drift and thus main- 
tain a desired true course has not been 
explained. 


In the illustration, Aircraft Must Be 
Headed Upwind, suppose the navigator 
wants to fly from point X to point A, a true 
course of 860°, when the wind is 270°/20K. 
What should be the true heading? Obvious- 
ly, if he flew a true heading of 360° he 
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Effect of Wind on Aircraft Flying in Opposite Directions 


would not end up at point A but at some 
poinc downwind from A. Rather, the navi- WIND WIND 360° 
gator must head for some point upwind ar O1A0K , 
from point A and let the right drift bring 
him to A. If the aircraft is to be in the 
air for one hour, it will drift 20 nautical 
miles downwind from point A. Flying the 
heading XB, he would reach point A in one 
hour; the track of the aircraft will be the 
line XA. 
Heading an aircraft upwind in order to 
maintain the true course is called correcting 
for drift. The angle AXB is called the drift 
correction angle or, more simply, the drift 
correction. Drift correction is the correction 
which is applied to a true course to find the 
true heading. AXB is a minus correction. 
The amount of drift correction must be 
just enough to compensate for the amount 
of drift on the particular heading. There- 
fore, if the aircraft is on a heading of XB, 
the drift correction angle must be equal to 
the drift angle. If drift is to the right, drift 
correction must be to the left or minus. 
Therefore, the drift correction angle is The Aircraft Must be Headed Upwind 
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ZERO DRIFT 


180° 


Zero Drifts on Headings Upwind and Downwind 


measured in the opposite direction to the 
drift and given a sign of plus or minus. 


The illustration, Zero Drifts on Head- 
ings Upwind and Downwind, shows the drift 
correction necessary in a 270°/20K wind if 
the aircraft is to make good a true course 
of 360°, 090°, 180° and 270°. 


Note that to reach point B or D, the air- 
craft need make no drift correction. To 
reach point A or C, the aircraft must head 
upwind. This means that to reach point A 
the aircraft must correct to the left, or 
minus (—) drift correction, and to reach 
point C it must correct to the right, or plus 
(+) drift correction. 


In computing a magnetic heading the 
navigator must first obtain the true heading. 
Therefore, he must compute a drift correc- 
tion to apply to the true course. 


Suppose an aircraft is flying from point 
X to point A in the illustration, a true course 
of 360°. Drift correction is left; therefore 
the true heading is less than 360°. The drift 
correction which must be applied to the true 


course to obtain the true heading is minus 
in sign. When the drift is right, correct to 
the left, and the sign of the correction is 
minus. When the drift is left, correct to the 
right, and the sign of the correction is plus. 


Keep in mind a mental] picture of the com- 


_ pass rose and how directions increase clock- 


wise. 

Remember that after compensation for 
drift, the aircraft will still drift. All that 
has been done is to head the aircraft off 
course so that the wind will cause it to drift 
along the course while maintaining a con- 
stant heading. This correction in the head- 
ing of the aircraft cannot, of course, have 
any effect on the wind. The wind is a natural 
element over which there is no control. 


Vectors and Vector Diagrams 


In aerial navigation there are many prob- 
lems to solve involving speeds and direc- 
tions. These speeds and directions fit to- 
gether in pairs, one speed with one direc- 
tion. Previously it was stated that wind 


4-2] 


AF MANUAL 51-40 VOL 1 15 OCTOBER 1959 


should be expressed as a direction and as a 
speed, never as a direction or a speed 
alone. Of the other factors involving speed 
and direction, true heading (a direction) is 
related to true airspeed (a speed), and 
track (a direction) is related to ground- 
speed (a speed). These last four can be ex- 
pressed separately and solved separately. 

It has been shown how wind is expressed 
as a force with direction and speed horizon- 
tal to the earth’s surface. This force affects 
the movement of aircraft much the same as 
the current of a river affects a boat. It has 
also been pointed out that by turning an 
aircraft into the wind, it is possible to cor- 
rect for the wind effect. A more exact 
method of determining wind effect and a 
correction for it are needed. By using vector 
solution methods, unknown quantities can 
be found. For example, true heading, true 
airspeed, and wind velocity may be known 
and track and groundspeed unknown. In or- 
der to solve such problems, the relationships 
of these quantities must be understood. 


The vector can be represented on paper 
by a straight line. The direction of this line 
would be its angle measured clockwise from 
true north, while the magnitude or speed is 
the length of the line compared to some ar- 
bitrary scale. An arrow-head is drawn on 
the line representing a vector to avoid any 
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A Vector has Both Magnitude and Direction 
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misunderstanding of its direction. This line 
drawn on paper to represent a vector is 
known as a vector diagram, or often it is 
referred to simply as a vector. Future ref- 
erences to the word vector will mean its 
graphic representation. 

Two or more vectors can be added to- 
gether simply by placing the tail of each 
succeeding vector at the head of the previ- 
ous vector. These vectors added together 
are known as component vectors. The sum of 
these component vectors can be determined 
by connecting, with a straight line, the tail 
of one vector to the head of the other. This 
sum is known as the resultant vector. By 
its construction, the resultant vector forms 
a closed figure as shown in the related illus- 
tration. Notice the resultant is the same re- 
gardless of the order as long as the tail of 
one vector is connected to the head of the 
other. 

The points to remember about vectors are 
as follows: 


1. A vector possesses both direction and 
magnitude. 


2. In aerial navigation the vectors which 
we use have speed and direction. 


3. When the components are represent- 
ed tail to head in any order, a line connect- 
ing the tail of the first and the head of the 
last represents the resultant. 


4. All vectors must be drawn to the same 
scale. 


The Wind Triangle and Its Solution 


A vector illustration showing the effect of 
the wind on the flight of an aircraft is called 
a wind triangle. Draw a line to show the 
direction and speed of the aircraft through 
an air mass (TH and TAS); this vector is 
called the TH-TAS vector or air vector. 
Using the same scale, connect the tail of 
the wind vector to the head of the air vec- 
tor. Draw a line to show the direction and 
speed of the wind (W/V) ; this is the wind 
vector. A line connecting the tail of the air 
vector with the head of the wind vector is 
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The Resultant is Determined by Connecting the Head of One Vector to the Tail of the Other 


the resultant of these two component vec- 


tors; it shows the direction and speed of the 
aircraft over the earth (Tr and GS). It is 
called the Tr-GS vector or ground vector. 
It makes little difference which of the two 
components is drawn first; the resultant is 
the same. 

To distinguish one from another, it is 
necessary to label each vector. This is ac- 
complished by placing one arrowhead at 
midpoint on the air vector pointing in the 
direction of true heading. The ground vector 
has two arrowheads at midpoint in the di- 
rection of track. The wind vector is labeled 





with three arrowheads in the direction the 
wind is blowing. The completed wind tri- 
angle is shown. 

Remember that wind direction and wind 
speed compose the wind vector. True air- 
speed is always in the direction of true 
heading; when these two are used together 
they form the air vector. Similarly, ground- 
speed is always in the direction of track; 
these two compose the ground vector when 


‘used together. 


Also remember that the ground vector is 
the resultant of the other two; hence, the 
air vector and the wind vector are always 


Vectors are Labeled so They are Distinguishable 
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drawn head to tail. An easy way to remem- 
ber this is that the wind always blows the 
aircraft from true heading to track. 


Consider just what the wind triangle 
shows. In the next illustration, an aircraft 
departs from point A on the true heading of 
360° at a true airspeed of 150 knots. In one 
hour, if there is no wind, it reaches point B 
at a distance of 150 miles. The line AB 
shows the direction and distance the air- 
craft has flown. But the distance the air- 
craft has flown in one hour is an expression 
of its speed (150 nautical miles per hour). 
Therefore, the length of AB shows the true 
airspeed of the aircraft. Thus AB repre- 
sents the velocity of the aircraft through 
the air and is the air vector. 


Suppose that at the end of the first hour 
the aircraft stops flying forward and re- 
mains suspended in midair. Suppose then 
that the wind starts blowing from 270° at 
30 knots. At the end of the second hour the 
aircraft is at point C, 30 miles downwind, 
the distance the aircraft has moved with 
wind, or the direction and distance the air 
has moved in an hour. Therefore, the length 
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KNOTS A Drawn Head to Tail 


4-24 


BC represents the speed of the wind drawn 
to the same scale as the true airspeed. Thus, 
BC represents the wind and is the wind 
vector. 

If the aircraft’s engine and the wind get 
in their hour’s work during the same hour 
—and that is what actually happens—the 
aircraft reaches C at the end of the first 
hour. It does not go to B and then to C; it 
goes directly by the line AC—since the 
wind carries it east at 30 knots at the same 
time that the propellers pull it north at 150 
knots. Therefore, the line AC shows the dis- 
tance and direction the aircraft travels over 
the ground in one hour. Consequently, the 
length of AC represents the groundspeed 
drawn to the same scale as the true airspeed 
and wind speed. Thus, the line AC, which 
is the resultant of AB and BC, represents 
the motion of the aircraft over the ground 
and is the ground vector. 

Measuring the length of AC, determines 
that the groundspeed is 153 knots. Measur- 
ing the drift angle, BAC, and applying it to 
the true heading of 360°, results in the 
track of 011°. 

If two vectors in a wind triangle are 
known, the third one can be found by draw- 
ing a diagram and measuring the parts. 
Actually, the wind triangle includes six 
quantities: three speeds and three direc- 
tions. Problems involving these six quanti- 
ties make up a large part of dead reckoning 
navigation. If four of these quantities are 
known, the other two can be found. This is 
called solving the wind triangle and is an 
important part of navigation. 

The wind triangle may be solved by trig- 
onometric tables; however this is unneces- 
sary since the accuracy of this method far 
exceeds the accuracy of the data available 
and of the results needed. In flight the wind 
triangle will be solved graphically, either on 
the chart or on the vector face of the com- 
puter. 

The two graphic solutions of the wind tri- 
angle, the chart solution and computer solu- 
tion, perhaps appear dissimilar at first 
glance. However, they work on exactly the 
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WIND TRIANGLES ON THE DR COMPUTER. 
The vector face of the computer has three 


The circular plate has around its edge a 
compass rose graduated in units of one de- 


parts: (1) a frame, (2) a transparent cir- 
cular plate which rotates in the frame, 


and 


ition of the plate thus may be 


read on the compass rose opposite the true 


gree. The pos 


(3) a slide or card which can be moved up 
and down in the frame under the circular 


Except for the edge, the circular 


index. 
plate 


transparent, so that the markings 


plate. One of the latest computers is illus- is 
on the slide may be seen through it. Pencil 


trated. 
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marks may be made on the transparent sur- 
face. The center of the circular plate is 
marked by a small black circle called the 
grommet. 

The slide has a portion of a circular graph 
printed on it. Running the length of the 
slide is a center line, which falls beneath 
the true index and the grommet. The cen- 
ter line is cut at intervals of two units by 
arcs of concentric circles called speed cir- 
cles; these are numbered at intervals of 10 
units. 

On each side of the center line are track 
lines, which radiate from a point of origin 
off the slide as shown in Origin Does Not 
Appear on Slide. Thus the 14° track line on 
each side of the center line makes an angle 
of 14° with the center line at the origin. 
And the point where the 14° track line in- 
tersects the speed circle marked 160 is 160 
units from the origin. 

In solving a wind triangle on the com- 
puter, plot part of the triangle on the trans- 
parent surface of the circular plate. For the 
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other parts of the triangle, use the lines 
which are already drawn on the slide. Actu- 
ally, there isn’t room for the whole triangle 
on the computer, for the origin of the center 
line is one vertex of the triangle. When 
learning to use the vector face of the com- 
puter, it may help to draw in as much as 
possible of each triangle. 

The center line from its origin to the 
grommet always represents the air vector. 
If the true airspeed is 150 knots, move the 
slide so that 150 is under the grommet; 
then the length of the vector from the origin 
to the grommet is 150 units as illustrated. 
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Wind Vector always Drawn Down from Grommet 


The ground vector is represented by one 
of the track lines, with its tail at the origin 
and its head at the appropriate speed circle. 
If the track is 15° to the right of the true 
heading, and the groundspeed is 180 knots, 
use the track line 15° to the right of the 
center line and consider the intersection of 
this line with the 180 speed circle as the 
head of the vector. The tail of the wind 
vector is at the grommet and its head is at 
the head of the ground vector. 


Thus far nothing has been said about the 
direction of the vectors. Since the true in- 
dex is over the center line beyond the head 
of the air vector, this vector always points 
toward the index. Therefore, true heading 
is read on the compass rose opposite the 
true index. 

Since track is true heading with the drift 
angle applied, the value of track can be 
found on the scale of the circular plate op- 
posite the drift correction on the drift 
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scale. The wind vector is drawn with its tail 
at the grommet as shown. Since wind direc- 
tion is the direction from which the wind 
blows, it is indicated on the compass rose 
by the rearward extension of the wind vec- 
tor. Therefore, the most convenient way to 
draw the wind vector is to set wind direc- 
tion under the true index and draw the 
vector down the center line from the grom- 
met; the scale on the center line can then 
be used to determine the length of the 
vector. 


Conversely, to read a wind already deter- 
mined, place the head of the wind vector 
on the center line below the grommet and 
read wind direction below the true index. 


WIND TRIANGLE PROBLEMS. Depending 
on which of the six quantities of the wind 
triangle are known and which are unknown, 
there are three principal types of problems 
to solve. They are to solve for (1) the 
ground vector, (2) the wind vector, and (3) 
true heading and ground speed. The follow- 
ing discussion will give the steps for the 
chart solution and the computer solution for 
each type. Work each sample problem by 
both methods, and notice that the same 
wind triangle is shown on the computer that 
is shown on the chart, even though it is not 


_ completely drawn on the computer. 


To Find Ground Vector When Air Vector 
and Wind Vector Are Known 


Sample Problem: 
TH 100° 


TAS 210K 
W/V, 020/25K 


Given: 


To Find: Tr and GS 


This type of problem arises when true 
heading and true airspeed are known by 
reading the flight instruments and when the 
wind direction and velocity are known from 
either the metro forecast or from determi- 
nations in flight. 
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To Determine Track and Groundspeed using the Chart Solution 









CHART SOLUTION. First, construct the 
triangle: 


1. From any origin draw the air vector 
in the direction of the true heading (100°) 
and to the length representing the true air- 
speed (210K) in any convenient scale as 
shown in the accompanying illustration. 
When plotting on a Mercator chart, use the 
midlatitude scale. Mark the air vector with 
one arrow to indicate the direction, and to 
be able to identify it as the air vector. 


2. From the head of the air vector, draw 
the wind vector in the direction toward 
which the wind is blowing and to the length 
showing the wind speed (25K) in the same 
scale. Remember that the wind direction 
(020°) is always the direction from which 
the wind is blowing. Distinguish the wind 
vector from the air vector by the use of 
three arrows. 


3. Draw a line from the tail of the air 
vector to the head of the wind vector. This 
line is the ground vector. Its head coincides 
with the head of the wind vector. This vec- 
tor is then labeled with two arrows as 
shown. 
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4. To determine the track (107°), meas- 
ure the direction of the ground vector. The 
angle measured from the air vector to the 
ground vector is the drift angle. 


5. To determine the groundspeed (208K), 
measure the length of the ground vector, 
using the same scale as before. 

Study the illustration and determine what 
has happened. By flying on a true heading 
of 100° at a true airspeed of 210 knots in a 
wind of 020°/25K, the aircraft has actually 
moved over the ground along a track of 107° 
at a groundspeed of 208 knots. 


COMPUTER SOLUTION. First, set the 
data: 

1. Set wind direction (020°) under the 
true index. 


2. Draw the wind vector from the grom- 
met down the center line, making its length 
(25 units) along the speed scale to conform 
with the wind speed (25K). 


3. By rotating the compass rose, set the 
true heading (100°) under the true index. 
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To Determine Track and Groundspeed by 


Computer Solution 


4. Slide the card up or down until the true 
airspeed (210K) is under the grommet. The 
wind triangle is now constructed on the 
computer as illustrated. The ground vector 
lies along one of the radiating track (Tr) 
lines with its head at the head of the wind 
vector. 


Now read the answers. 


5. Read groundspeed (208K) on the speed 
circle which passes through the head of the 
ground vector. 


6. Read the drift angle (7° right) by 
counting the number of degrees from the 
center line to the ground vector; that is, to 
the head of the wind vector. 


7. Determine track (107°) by applying 
the drift angle to the true heading. If the 
track is right of the center line, it is greater 
than the true heading; so the drift angle 
must be added to the true heading. An alter- 
nate method of determining track on the 
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computer is to read the drift angle at the 
head of the ground vector, then transfer 
this value to the drift scale on the same 
side of the true index and read the track 
on the compass rose of the circular disk. 


To Find Wind Vector When Air Vector 
and Ground Vector Are Known 


Sample Problem: 
Given: TH 270° 
Tr 280° 
TAS 230K 
GS 215K 
To Find: W/V 


This type of problem arises when deter- 
mination of true heading and true airspeed 
can be done by reading the flight instru- 
ments and finding track and groundspeed 
either by measuring the direction and dis- 
tance between two established positions of 
the aircraft or by determining the drift 
angle and groundspeed by reference to the 
ground. 


CHART SOLUTION. First, construct the 
triangle: 


1. From any origin draw the air vector 


_in the direction of the true heading (270°) 


and to the length representing the true air- 
speed (230K) in any convenient scale as il- 
lustrated. 


2. From the same origin, draw the ground 
vector in the direction of the track (280°) 
and to the length showing the groundspeed 
(215K) in the same scale. 


3. Draw a line from the head of the air 
vector to the head of the ground vector. 
This line is the wind vector. Its head coin- 
cides with the head of the ground vector. 


4. To determine the wind _ direction 
(207°), measure the direction of the wind 
vector. Remember again that wind direc- 
tion is the direction from which the wind 
blows, whereas the vector shows the direc- 
tion toward which it is blowing. To avoid 
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To Determine Wind using Chart Solution 


the possibility of a reciprocal wind direc- 
tion remember that wind always blows the 
aircraft from the air vector to the ground 
vector. 


5. To determine wind speed (42K), meas- 


ure the length of the wind vector, using the 
same scale as before. 


COMPUTER SOLUTION. First, set in the 
data: 


1. Set the true heading (270°) under the 
true index. 


2. Set the true airspeed (230K) under 
the grommet. 


3. Find the drift angle (10° right) by 
comparing the true heading (270°) with 
the track (280°). If the track is greater 
than the true heading, drift is right; if it is 
less, drift is left. Find the appropriate track 
line on the computer (10° right of center 
line). 


4. Find the speed circle (215K) corre- 
sponding to the groundspeed circle. 


The wind triangle is now constructed. 
The mark made is the head of the wind 
vector and the head of the ground vector. 
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To Determine Wind — Computer Solution 
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To Determine True Heading and Groundspeed using Chart Solution 


5. Rotate the compass rose until the 
head of the wind vector is on the center line 
below the grommet. Read the wind direction 
(207°) under the true index. 


6. Read the wind speed (42K) on the 
speed scale between the grommet and the 
head of the wind vector. 


To Find True Heading and Groundspeed 
When True Course, True Airspeed, and 
Wind Vector Are Known. 


Sample Problem: 


TC 230° 
TAS 220K 
W/V 270° /50K 


To Find: TH and GS 


Given: 


This type of problem arises before a 
flight or during a flight, when you need to 
determine a true heading to fly and ground- 
speed on the basis of which to compute an 
ETA. 


CHART SOLUTION. First, construct the 
triangle: 


1. From any origin, draw the wind vector 
in any convenient scale in the direction 
toward which the wind is blowing (090°) 
and to the length representing the wind 
speed (50K). 


2. From the same origin, draw a line in 
the direction of the true course (230°) and 
of indefinite length, since the groundspeed 
is not known. 
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3. Using the same scale as in Step 1, qpen 
the dividers an amount equal to true air- 
speed (220K); from the head of the wind 
arrow, swing an arc with a radius of 220 
nautical miles to intersect the true course 
line. 


4. Draw a line from the point of inter- 
section of the arc and the true course line 
to the head of the wind arrow. 


5. To determine the _ true heading 
(23814°), measure the direction of the air 
vector. 


6. To determine the groundspeed (179K), 
measure the length of the ground vector, 
using the same scale as before. 

This solution gives a false picture of the 
vector diagram as previously presented, but 
it gives true values because it forms the 
other half of a parallelogram. Notice in the 
illustration that there is another method of 
solving this type of problem in which the 
wind triangle is drawn in its true form. 


1. Draw the true course (230°) of indefi- 
nite length. 


2. Draw the wind vector with its head at 
any point on the true course. 


3. Using the same scale as in Step 1, open 
the dividers an amount equal to true air- 
speed. From the tail of the wind vector 
swing an arc of 220 nautical miles to inter- 
sect the true course line. 

4. Draw a line from this point of inter- 
section of the arc and the true course line 
to the tail of the wind vector. Be sure in 
doing this that the wind and ground vectors 
are meeting head to head. 

5. The answers (TH and GS) can be de- 
termined exactly as in Steps 5 and 6 of the 
previous method. 


COMPUTER SOLUTION. First, set in the 
data: 


1. Set wind direction (270°) under the 
true index. 
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2. Draw the wind vector down the center 
from the grommet, making its length along 
the speed scale correspond to the wind 
speed (50K). 


3. Set the true airspeed (220K) under 
the grommet. 


4. Set the true course (230°) under the 
true index. 


The wind triangle is set up incorrectly, 
for true course rather than true heading is 
set under the true index. However, since 
the true heading is not known, the true 
course is used as a first approximation of 
the true heading. This will give a first ap- 
proximation of the drift angle, which can 
be applied to the true course to get a more 
accurate idea of the true heading. 


5. Determine the drift angle (10° left) 
on the approximate heading (230°) to ob- 
tain a second approximation of the true 
heading (240°). If the drift angle is right, 
the drift correction is minus; if it is left, 
the drift correction is plus. 

6. Set the second approximate heading 
(240°) under the true index. Read the drift 
angle for this heading (8° left). The wind 
triangle still is set up incorrectly. To be cor- 


rect, the drift angle which is read at the | 


head of the wind vector must equal the dif- 
ference between the true course and the 
true heading which is set under the true 
index. As it stands, the drift angle is 8° 
left, while the difference between true 
course and the indicated true heading is 
10° left. 

7. Juggle the compass rose until the drift 
angle equals the difference between true 


course and true heading. In this example 
the correct drift angle is 814° left. 


Now the wind triangle is set up correctly. 
8. Read the true heading (23814°) under 
the true index. 


9. Read the groundspeed (179K) on the 
speed circle passing through the head of 
the wind vector. 
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To Determine True Heading and Groundspeed by 
Computer Solution 


High Speed Wind Solutions. When wind 
speeds too large for the DR computer are 
encountered, it creates a minor problem. 
However, note how the linear values of all 
vectors in a triangle can be changed an 
equal amount without changing the angles. 
Or, the scale of the linear values can be 
changed (each unit on the scale can equal 
to two units of the problem) and thus the 
smaller triangle can represent the same 
values as the larger triangle. The latter is 
done on the DR computer. Solve this prob- 
lem for true heading and groundspeed. 


Sample Problem: 


TC 250° 
TAS 240K 
W/V 200°/70K 


To Find: TH and GS 


1. Place the wind direction (200°) under 
the true index and draw the wind speed 
down from the grommet 35 units. Since 


Given: 
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each unit now represents two knots, this 
would be 70 knots. 


2. Place the grommet over the true air- 
speed (120K), remembering that each unit 
represents two knots. 


3. Rotate the compass rose until the true 
course (250°) is under the true index. 


4. As in the previous problem, juggle the 
compass rose until the drift correction 
angle equals the difference between true 
course and the true heading. In this exam- 
ple the drift correction angle is minus 13°. 


5. Read the true heading under the true 
index (237°). 


6. Read the groundspeed under the head 
of the wind arrow but remember that the 
reading must be doubled to compensate for 
halving the scale of the computer when 
drawing in the vectors. Ninety-five (95) 
doubled would give a groundspeed of 190K. 
By now it should be very clear that chang- 
ing the linear values or scale of the vectors 
does not change the angles or directions 
(this is shown graphically in the related 
illustration). Therefore, directions and an- 
gles may be read directly from the com- 
puter. 


Length of Vectors 
can be Changed 
Without Changing Angles 








ANGLES A B AND C 
ARE EQUAL FOR 
BOTH TRIANGLES 
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Draw Winds as Component Vectors, Tail to Head 


Average Wind Affecting Aircraft 


An average wind is an imaginary wind 
which would produce the same wind effect 
during a given period as two or more 
actual winds which affect the aircraft dur- 
ing that period. Sometimes an average wind 
can be applied once instead of applying each 
individual wind separately. Average wind, 
like any wind has direction, and its speed is 
expressed in knots. Normally, average wind 
ig the average wind effect for one hour. 

If the wind directions are fairly close to- 
gether, a satisfactory average wind can be 
determined by arithmetically averaging the 
wind directions and wind speeds. However, 
the greater the variation in wind direction 
the less accurate the result will be. 

It is generally accepted that winds should 
not be averaged arithmetically if the differ- 
ence in directions and speeds exceeds 090° 
and/or 15 knots. In this case, there are 
other methods which may be utilized to 
obtain a more accurate average wind. 
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Find the sum of the several wind vectors 
by drawing them tail to head and connect- 
ing the tail of the first with the head of 
the last. This, then, is the wind effect for 
as many hours as there are wind vectors. 
The direction of the average wind is the 
direction of this resultant. The speed of the 
average wind is the wind effect divided by 
the number of hours; that is, by the number 
of winds averaged. 

To average the following five winds: (A) 
030°/20K, (B) 050°/25K, (C) 075°/30K, 
(D) 095°/30K, and (E) 115°40K, represent 
the winds as component vectors AB, BC, 
CD, DE, EF, and draw then in turn, tail 
to head as shown in the illustration. Then 
draw the resultant, AF’. 

The direction of the average wind is the 
direction of line AF, .080°. The length of 
AF represents a wind effect of 125 nautical 
miles for a period of 5 hours. Therefore, 
the speed of the average wind is 125 nauti- 
cal miles per 5 hours or 26K. 


Winds can also be averaged by vectoring 
them on the vector face of the DR computer 
using the square grid portion of the slide 
and the rotatable compass rose. Average 
the following three winds by this method: 
030°/15K, 080°/20K, and 150°/35K: 


1. Place the slide in the computer so that 
the top line of the square grid portion is 
directly under the grommet and the com- 
pass rose is oriented so that the direction 
of the first wind (030°) is under the true 
index. The speed of the wind (15K) is drawn 
down from the grommet. 
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First Wind is Drawn Down From the Grommet 


2. Turn the compass rose until the direc- 
tion of the second wind (080°) is under the 
true index and then reposition the slide so 
that the head of the first wind vector is 
resting on the top line of the square grid 
section of the slide. Draw the speed of the 
second wind (20K) straight down (parallel 
to the vertical grid lines) from the head of 
the first wind arrow. 
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Reposition the Slide and Again Draw Down 


3. Again turn the compass rose so that 
the direction of the third wind (150°) is 
under the true index and reposition the slide 
so that the head of the second wind vector 
is resting on the top line of the square grid 
section of the slide. Draw the speed of the 
third wind (35K) straight down from the 
head of the second wind arrow. 
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Reposition the Slide for Every Wind 
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4. Turn the compass rose so that the 
head of the third wind arrow is on the cen- 
ter line directly below the grommet and 
reposition the slide to place the grommet 
on the top line of the square grid section 
of the slide. The direction of the resultant 
or average wind may be read directly be- 
neath the true index (108°). The wind 
speed is determined by measuring the 
length of the resultant wind vector (46) on 
the square grid section of the slide and di- 
viding it by the number of winds used (3). 
This will give a wind speed of 1514 knots 
or 1514 knots which is as close as it is possi- 
ble to read the computer. The average wind 
then is 108°/1514K. 





Divide the Resultant by the Number of Winds 


In some cases because of the number of 
winds to be averaged or to high wind 
speeds, it is not possible to draw in all the 
wind vectors on the computer unless the 
wind speeds are cut by 1/2 or 1/8, etc., be- 
fore drawing the vector. If one wind speed 
is cut, all wind speeds must be cut, and in 
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determining the resultant wind speed, the 
length of the total vector must be multiplied 
by 2 or 3, depending on how the wind 
speed was cut, etc., and then divided by the 
total number of winds used. In cutting the 
speeds, the direction is not affected and the 
wind direction is read under the true index. 


Wind effect is proportional to time. To 
sum up two or more winds which have af- 
fected the aircraft for different lengths of 
time, weigh them in proportion to the times. 
If one wind has acted twice as long as an- 
other, its vector should be drawn in twice 
as shown. In dividing to get the average 
wind speed, of course, this wind must be 
counted twice. 

Throughout the discussion of the wind 
triangle, the wind vector has been referred 
to as having both direction and speed. In 
future discussions of the wind vector, it 
may be referred to as W/V. This term is 
commonly used for wind speed when cou- 
pled with wind direction. 


Resolution of Rectangular Coordinates 


Since most data for today’s radar equip- 
ment is given in terms of rectangular coor- 
dinates, it is important for the navigator 
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WIND 120°/30k AFFECTS 
AIRCRAFT FOR 2 HOURS 


Winds Must be Weighted in Proportion to Time 





to be familiar with the handling of these 
coordinates. The DR computer provides a 
ready, easy method of interconversion. 
Example: Converting wind to rectangular 
coordinates. 
Given: -A wind of 340°/25K to be con- 
verted to rectangular coordinates. 


Procedure: 


1. Plot the wind on the computer in the 
normal manner. Use the square grid side 
of the computer slide for the distance. 


2. Rotate the compass rose until north, 
the nearest cardinal heading, is under the 
true index. 


3. Read down the vertical scale to the 
line upon which the head of the wind vec- 
tor is now located. The component value 
(23) is from the north under the true index. 


4. Read across the horizontal scale from 
the center line to the head of the wind vec- 
tor. The component value (9) is from the 
west. The wind is stated rectangularly as 
N-23, W-9. 
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Convert Wind to Rectangular Coordinates 
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Example: Converting rectangular coordi- 
nates to a wind. 


Given: Coordinates, S-30, E-36, to con- 
vert to a wind. 


Procedure: 


1. Utilize the square grid side of the 
computer. 


2. Place either cardinal heading (east or 
south) under the true index and the grom- 
met on zero of the square grid. 


3. Read down from the grommet along 
the center line for the value (30) of the 
cardinal] direction under the true index. 


4. From the other cardinal direction 
(east), read horizontally along the value 
located in Step three from the center line 
of the value of the second cardinal direc- 
tion and mark the point. 


d. Rotate the compass rose until the 
marked point is over the center line of the 
computer. 


6. Read the wind direction (130) under 
the true index and the velocity (47 knots) 
from the grommet to the point marked. 


THE DRIFTMETER 


By this time the navigator should realize 
that wind is the main source of difficulty 
in performing his duties. The wind problem 
is ever present in navigation. However, it 
would be very easy to sit idly by and do 
some wishful thinking at this point. For ex- 
ample: If the air were absolutely still, aerial 
navigation would be very simple. Without 
wind, the aircraft would not drift off its 
course. Unfortunately, however, this condi- 
tion seldom, if ever, exists. Therefore, navi- 
gation with its costly equipment and de- 
tailed procedures is made necessary. The 
navigator must continually determine the 
wind or the effect of the wind if he is to 
obtain the results required for accurate 
navigation. 
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The effect of the wind on the aircraft has 
been explained; now the methods of deter- 
mining the wind while inflight and of com- 
pensating for it will be explained. 


Several methods of wind determination 
depend on the knowledge of the drift angle 
—the angle between true heading and track. 
When the earth’s surface (land or sea) is 
visible, this angle can be measured directly 
with an instrument known as a driftmeter. 


Principles of the Driftmeter 


The principle of the driftmeter is very 
simple. Suppose that the ground is observed 
through a hole in the floor of an aircraft. 
As the aircraft flies along its track, objects 
on the ground appear to move across the 
hole in the direction exactly opposite to the 
track. 

Thus, in the illustration, if the aircraft’s 
track is in the direction of line BA, a house 
appears to move across the hole from A to 
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Objects Flown Over seem to Move in the 
Opposite Direction to the Track 
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B. Suppose now that a wire is stretched 
across the hole parallel to the longitudinal 
axis of the aircraft. This wire YX repre- 
sents the true heading of the aircraft. Since 
BA is the track and YX is the true heading, 
the drift angle is the angle AOX. The drift- 
meter measures this angle AOX. A simple 
driftmeter might be built as shown in the 
next illustration. A glass plate which may 
be rotated by means of the handle on the 
right is placed over a hole in the floor of 
the aircraft. On the glass are drawn parallel 
drift lines. The drift lines, together with 
the two or three cross lines (timing lines) 
usually present in a driftmeter, are called 
the reticle. The center drift line extends to 
the edge of the plate as a pointer. On the 
floor ahead of the hole is a drift scale which 
shows the position of the drift lines relative 
to the longitudinal axis of the aircraft. 
Thus when the pointer is on O°, the drift 
lines are parallel to the longitudinal axis; 
and when the pointer is on 10°R, the drift 
lines make a 10° angle to the right of the 
axis. 

To use this simple driftmeter, turn the 
glass plate so that objects on the ground 
move across the hole parallel to the drift 
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Read Drift on the Scale Opposite the Pointer 
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B-6 Driftmeter 


lines. Then the drift lines are parallel to 
the track of the aircraft. Read the drift 
scale opposite the pointer. If the pointer 
indicates 15°L, the aircraft is drifting 15° 
to the left. Then if the true heading is 090°, 
the track is 075°. 

On every driftmeter, the drift scale is 
marked with the words “right” and ‘“‘left” 
or with the letters “R’ and ‘“L.” These 
words always refer to the drift and not 


to the drift correction. Normally, driftme- 
ters have a plus and a minus sign on the 
scale. These give the sign of the drift cor- 
rection (DC) which will be used later. 

The driftmeters used in USAF aircraft 
are basically the same as the simple instru- 
ment described above, but they have many 
refinements. The B-6 shown is a driftmeter 
deluxe. It can also be used for purposes 
other than reading drift. 
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Drift Scale and Trail Angle of the B-6 Driftmeter 


For reading drift, the most important 
distinctive feature of the B-6 is the gyro- 
scope which keeps the reticle parallel to the 
earth’s surface. A driftmeter without a 
gyro is difficult to use in rough air. 


The line of sight of the B-6 driftmeter 
may be varied to see surrounding areas as 
well as the terrain directly beneath the air- 
craft. The line of sight control handle turns 
a prism at the bottom of the driftmeter 


4-40 


tube and directs the line of sight away from 
the vertical. The line of sight can be turned 
through an arc from 17° in front to 87° 
behind the vertical. Notice in the illustration 
that the angle between the line of sight and 
the vertical is the trail angle. Since the 
driftmeter can be rotated through 360°, a 
trail angle of 87° can be seen in any direc- 
tion from the aircraft. 





Operation 


The B-6 driftmeter is a delicate instru- 
ment which requires careful treatment. 
Read the following operating procedure 
carefully: 


1. Before takeoff, clean the lens at the 
. bottom of the driftmeter tube. To remove 
grit, brush lightly to avoid scratching the 
glass. Also check the inside of the lens for 
condensation of moisture in the tube. If 
present, it may be remedied by removing 
the lens and wiping with a clean, soft cloth. 


2. See that the azimuth pointer is at zero 
drift during takeoff and landing to prevent 
breakage of the glass by stones. With zero 
drift on the scale, the lens system is pointed 
towards the rear of the aircraft. Thus, 
stones or gravel flying up from the runway 
cannot strike the lens when it is in this 
position. 


3. When the engines are started, turn on 
the inverter switch. After making sure that 
the gyro caging knob is in the caged posi- 
tion, turn on the gyro by means of the three 
position switch. 


4. When ready to read drift, uncage the 
gyro. Be sure that the trail angle control 
is at zero so that the ground directly below 
the aircraft is seen. Adjust the focus of the 
eyepiece. Adjust the illumination of the 
reticle by means of the rheostat knob. 


5. The gyro should be kept in the caged 
position at all times except when actually 
reading drift. If the aircraft banks more 
than 15°, gently cage the gyro and leave it 
caged until level flight is resumed; other- 
wise the gyro may tumble. If the gyro 
does tumble, cage it only when the aircraft 
is level. Caging a tumbled gyro requires a 
slight but steady pressure on the caging 
knob. A sudden forceful pressure is likely 
to damage the instrument severely. 


6. If the gyro becomes inoperative or 
tumbles frequently, cage it for the remain- 
der of the flight. Remember to report the 
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trouble after landing. Unless the air is very 
rough, drift can be read with the gyro 
caged. 


7. Before landing, cage the gyro, turn off 
the power switch, and return the azimuth 
pointer to the zero position of the drift 
scale. 


Two Ways of Reading Drift 


Ordinarily, the B-6 is used in much the 
Same manner as the simple driftmeter al- 
ready described. Watch the terrain for a 
time through the driftmeter (at any trail 
angle setting). Turn the azimuth drive until 
the drift lines are parallel with the path of 
each object across the field of vision. Read 
the drift on the drift scale opposite the 
azimuth pointer. 

After reading drift, turn the pointer sev- 
eral degrees away from the drift reading. 
Then when drift is read again, it will be an 
independent reading not influenced by the 
previous reading. 

Above 2,000 feet, good drift readings can 
be obtained on objects directly beneath the 
aircraft; at low altitudes, however, objects 
may pass by too rapidly for accurate read- 
ings. This difficulty can be overcome by 
using other methods of reading drift. One 
of these methods is to set the trail angle 
back to 25 or 50 degrees and read drift in 
the normal manner. 

As shown in the illustration, the aircraft 
has passed over the mountain. Actually, the 
navigator is looking down into the instru- 
ment; however, he sees the landscape be- 
hind the aircraft at a 25° angle. At this 
angle, the objects do not cross the field of 
view as fast as they do when looking 
straight down. 


Finally, here are some miscellaneous tips. 
For high altitude, replace the one-power 
eyepiece with the three-power eyepiece. If 
the ground appears too bright, introduce a 
shade glass into the optical system by 
means of the shade glass lever. 
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At Low Altitudes, Use the Trail Angle 


Wind Determination 


The navigator should obtain forecast 
wind information from the weather office 
before every flight. This information usual- 
ly is very helpful, but occasionally it is 
greatly in error. For this reason, wind is 
determined continually during flight. The 
accuracy of navigation depends on the ac- 
curacy of wind determination. 


There are several methods by which wind 
can be determined. Since each method re- 


quires certain information which is not al- 
ways available, the choice of methods may 
be restricted. Therefore, the navigator 
should know all methods. 

Wind may be determined without know- 
ing the exact position of the aircraft. The 
methods of wind determination when the 
position of the aircraft is not precisely 
known are discussed under these two topics: 
(1) drift on multiple headings and (2) 
groundspeed by timing. 
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The Wind Blows Both Aircraft the Same Distance in One Hour 


DRIFT ON MULTIPLE HEADINGS. If drift 
can be read on two headings, the wind can 
be determined. This is done by means of a 
vector diagram which combines two wind 
triangles. 

Suppose two aircraft are each 150 nauti- 
cal miles from point A, one west and the 
other south as illustrated. The first flies a 
true heading of 090° and the second, a true 
heading of 360°, each with a true airspeed 
of 150 knots. If there is no wind, the two 
aircraft meet at point A after one hour. 

If there is a wind, it carries both aircraft 
the same distance downwind in an_ hour. 
Therefore, at the end of the hour the two 
aircraft meet at point B, downwind from 
point A. The line AB shows the direction 


and distance that the wind carries the air- 
craft in one hour. Therefore, AB represents 
the wind vector. 

If this illustration is drawn to scale, the 
wind vector can be found by measuring AB. 
For example, the first aircraft flying 090° 
at 150 knots, drifts 15°R; and the second 
aircraft flying 360° at 150K, drifts 15°L. 
The wind vector found by measuring AB 
is 045° /45K. 

If a single aircraft, flying on the same 
two headings, drifts 15°R (—15°DC) on 
the true heading of 090° and 15°L (+15° 
DC) on the true heading of 360°, the wind 
can be found by exactly the same method. 
Note, however, that the illustration does 
not represent the path of the single aircraft 
over the earth. 
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To find the wind by drift on two head- 
ings, a vector diagram may be drawn on 
the chart. Usually, however, the vector face 
of the DR computer is used. The following 
sample problem is solved by both methods. 


To Find Wind Velocity When Drift on 
Two Headings is Known 


Sample Problem: 


Given: TH! 045°, 
TAS! 210K, 
DRIFT 5° L(+5°DC) 
TH? 170°, 
TAS? 200K, 
DRIFT 4° R(—4°DC) 
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To Find: Wind Direction (WD) and Wind 
Speed (WS) 


CHART SOLUTION. 


1. To any point X, draw the first true 
heading—true airspeed vector in the direc- 
tion of TH' (045°) and to the length repre- 
senting TAS! (210K) using any convenient 
scale. 


2. Apply drift (5°L) to TH' (045°), to 
obtain Tr! (40°). From the tail of the 
first true heading-true airspeed vector, 
draw a line in the direction of Tr' (40°) 
and of indefinite length, since GS' is un- 
known. 


3. To point X, draw the second true head- 
ing—true airspeed vector in the direction 
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Two Wind Triangles with a Common Wind Vector 








of TH? (170°) and to the length showing 
TAS? (200K) using the same scale as in 
Step 1. 


4, Apply drift (4°R) to the TH? (170°) 
to obtain the Tr? (174°). From the tail of 
the second true heading-true airspeed vec- 
tor, draw a line in the direction of TJ?" 
(174°) and extend it to intersect the first 
track line at some point Y. 


The line XY is the wind vector. Its head 
is at the intersection of the first track- 
groundspeed vector and the second track- 
groundspeed vector. Thus, two wind trian- 
gles have been drawn with a common wind 
vector. 


Now read the answers: 


5. To determine WD (125°), measure the 
direction of the wind vector X Y. Remember 
that wind direction is the direction from 
which the wind blows. 


6. To determine WS (19K), measure the 
length of the wind vector, using the same 
scale as before. 


If the drift on another heading is known, 
a third true heading vector and track line 
can be drawn in. If the work has been per- 
fect and if the wind has not changed be- 
tween drift readings, the new track line 
should pass through point Y. Usually, how- 
ever, it will form a small triangle with the 
first and second track lines. The center of 
the triangle is called point Y and the wind 
vector measured as before. 


COMPUTER SOLUTION. 


1. Set TH' (045°) under the true index 
and TAS' (210K) under the grommet as 
shown. 


2. On the transparent circular plate draw 
a line over the track in the same number of 
degrees right or left of the center line that 
drift is right or left. If drift is 5°L, use the 
track line 5° left of the center line. 


3. Set TH? (170°) under the true index 
and TAS? (200K) under the grommet. 


4. Rule a line over the track line (4° 
right of center) representing Tr’. 
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Computer Solution for Wind Vector when Drift on 
Two Headings is Known 
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The intersection of the two lines is the 
head of the wind vector; and, for any true 
heading, this intersection is the head of 
the track-groundspeed vector. 


5. Rotate the compass rose until the 
head of the wind vector is on the center line 
below the grommet as shown in the illus- 
tration. Read WD (125°) under the true 
index, and WS (19K) from the grommet to 
the head of the wind vector. 
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Rotate Compass Rose Until Wind Vector is Below the 
Grommet 


If drift on another heading is known, rule 
in another track line on the computer. If 
the three lines intersect at a point, use that 
point as the head of the wind vector. If 
they form a triangle, use the center of the 
triangle. 

Wind by drift on two headings can and 
should be found when course is altered ap- 
proximately 45° or more. If the change of 
heading is less than 45°, a small error in 
either drift reading may cause a relatively 
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large error in the wind found. For example, 
assume a wind of 324°/12K. On a true 
heading of 080° and at a true airspeed of 
150 knots, an aircraft drifts 4° right. On a 
true heading of 100° at the same true air- 
speed, it drifts 3° right. If you read drift 
correctly on the first heading and make a 
1° error in reading drift on the second 
heading (reading 2° right instead of 3° 
right), the computed. wind will be 299°/18K. 


The multiple drift method of wind deter- 
mination will be described using the related 
illustration. 


There are three aircraft, each with a true 
airspeed of 220 knots. Therefore, construct 
a circle whose radius is 220 nautical miles. 
If the three aircraft positioned on the circle 
at points A, B, and C departed simultane- 
ously on true headings of 220°, 310°, and 
090° respectively, the head of the air vec- 
tor of all three aircraft in one hour will be 
at position O. The air vectors will be AO, 





Multiple Drift Method 








CO, and BO for each aircraft and each will 
be equal to 220 units. The following drifts 
are read: A is 5° left; B is 9° left; C is 11° 
right. In one hour the three aircraft will 
meet at point Z. This common point is 
reached since the same wind is affecting all 
three aircraft simultaneously. The lines AZ, 
BZ, and CZ represent the ground vectors 
for each of the aircraft. For each aircraft 
the line OZ represents the wind vector. It 
is common to all three vector triangles. 


Consequently, it is possible in a single 
aircraft to alter the headings in such a man- 
ner as to construct several vector triangles. 
The common point or point of intersection 
of the drift lines is always the head of the 
wind vector. 


As in all navigation procedures, there are 
certain precautions which must be observed. 
It should be apparent that the wind deter- 
mined in this manner is a “spot” wind; that 
is, it represents an average of the winds 
blowing during the few minutes preceding 
and following the turns, and at the particu- 
lar location. This may sound as if it were 
exactly what the navigator wants, but a 
little thought will show that an average 
value over the entire period from one posi- 
tion to another is actually of more value. 
The navigator is interested in the wind 
effect on track, and this depends on an aver- 
age value. The spot wind may differ consid- 
erably from the longer period average. 


15 SECONDS IN TURN 
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Multiple Drifts. Wind determination by 
measurement of drift on two headings can 
be used only when a reasonably large 
change of heading is made. On the other 
hand, it is quite possible to alter heading 
long enough to get a drift reading and then 
return to the original heading. If, for exam- 
ple, the aircraft makes a turn of 45° to the 
right, remains on this heading for, say, 
114 minutes, then turns 90° left for the 
same length of time, and finally returns to 
its original heading, it should be approxi- 
mately back on its original track after the 
completion of the maneuver. In the mean- 
time, the navigator will have had the oppor- 
tunity of reading drifts on the headings of 
45° to right and left of his original heading. 
These, combined with a drift reading made 
on the original heading, give him three 
values of drift on three headings to solve 
for the wind vector on the DR computer. 
This maneuver is called a multiple or double 
drift. The turns of 45° and 90° are used 
here for example. There are other varia- 
tions to this procedure. 


15 SECONDS IN TURN 












30 SECONDS IN TURN 


Procedure for Multiple Drift 
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It must be remembered that a multiple 
drift can be flown by making the first turn 
either to the right or to the left. The side 
of track on which the multiple drift will be 
flown is usually dependent on such factors 
as weather (cloud formations), obstructions 
(mountains), and controlled areas (air- 
ways). 

The related diagram illustrates the mul- 
tiple drift procedure. 

The aircraft is on a true heading of 175° 
with a true airspeed of 220 knots. Drift 
correction on the original heading is found 
to be +7°, on the second heading it is still 
+-7°, on the third heading it is +-2°. 

The wind is determined in exactly the 
same way as before, but a handy technique 
is available if the pilot turns accurately 45° 
to the right and then exactly 90° to the 
left. It will be noted that the drift scale of 
the DR computer goes exactly to 45° left 
and right. Therefore, it is possible to set 
the original heading first under the true 
index, then to the 45° left end of the scale 
and finally to the 45° right end of the scale, 
drawing in the corresponding drift line for 
each setting. Notice that as the heading is 
placed under the 45° drift scale, the new 
heading (original +45°) is automatically 
under the true index marker. In other 
words, it is not necessary to determine the 
new true heading for each of the two legs 
of the multiple drift procedure. However, 
if the pilot does not turn onto the prescribed 
headings, the actual true headings flown 
must be used to determine an accurate 
wind. Always check the compass and note 
the actual heading. 

Another advantage comes from the fact 
that the combination of three values of 
drift, rather than two, aids in compensating 
for any small inaccuracies in the drift read- 
ing. Notice in the present example that the 
three lines do not cross at a single point, but 
form a small triangle. This indicates that 
one or more of the drift readings was not 
accurate. This occurs very frequently due 
to the difficulty of reading drift with ex- 
treme accuracy, especially under conditions 
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of relatively rough air. Since it is difficult 
to determine which of the three drift read- 
ings is inaccurate or whether or not all 
three readings are inaccurate, the usual 
procedure is to estimate the center of the 
triangle and use this center as the position 
for the head of the wind vector. Differences 
in the determined wind direction of several 
degrees and in the wind speed of several 
knots may result from slight inaccuracies 
in the origina] measurements or in the plot- 
ting. The navigational importance of such 
difference is usually negligible. 


COMPUTER SOLUTION OF MULTIPLE 
DRIFT. 


Sample Problem: 


TH on course, 175° 
Drift on course, 7°L (+7°DC) 
Drift on right, 7°L (+7°DC) 
Drift on left leg, 2°L (+2°DC) 
TAS, 220K 

To Find: W/V 

GS on course 

Set in the data: 


1. Set on-course TH (175°) under the 
true index and TAS (220K) under the 
grommet as shown. 


Given: 


2. On the transparent plate, draw a line 
over the drift line (7° left of center) rep- 
resenting track. Remember that track is 
the same number of degrees right or left 
of the center line as drift. 


3. Rotate the compass rose 45° left, that 
is, until the on-course TH (175°) is under 
the 45° left-drift mark. Then the right-leg 
TH (220°) is automatically under the true 
index. 


4. Draw a line over the drift line (7° left 
of center) representing the right-leg track. 


5. Rotate the compass rose 90° right, 
that is, until the on-course TH (175°) is 
under the 45° right-drift mark. Then the 
left-leg TH (130°) is automatically under 
the true index. 
















Use the center of the triangle as the 
head of the wind vector 
Computer Solution of Multiple Drift 
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6. Draw a line over the drift line (2°) 
left of center, representing the left-leg 
track. 


Note that the three drift lines in this il- 
lustration form a small triangie. Use the 
center of the triangle as the head of the 
wind vector. 


7. Rotate the compass rose until the head 
of the wind vector is on the center line be- 
low the grommet. Now read WD (290°) 
under the true index, and read WS (30K) 
from the grommet to the head of the wind 
vector. 


8. Set on-course TH (175°) under true 
index and the grommet on TAS (220K). 
Read on-course GS (234K) at the speed cir- 
cle passing through the head of the wind 
vector. | 

Remember, when flying a multiple drift, 
check the compass on each heading to be 
sure the pilot has turned correctly. Also, 
when turning 45° and using the drift scale 
in setting up the computer, it is easy to 
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Groundspeed by Timing 


turn the disk in the wrong direction. If the 
turn is to the right, the computer is turned 
counterclockwise, because the heading in- 
creases. Be sure to take enough time to get 
an accurate drift reading. 


Groundspeed by Timing 


The method of computing the wind vector 
when the true heading-true airspeed vec- 
tor and the track-groundspeed vector are 
known has been explained. Track can be 
found by applying drift to true heading. 
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Groundspeed can also be found with the 
driftmeter by the method known as ground- 
speed by timing. Thus, the wind can be 
found without knowing the exact position 
of the aircraft and without altermg heading. 


Groundspeed by timing is a method of 
determining groundspeed by measuring the 
time in which an object on the ground ap- 
pears to move through a known angle when 
the aircraft is at a known altitude. This is 
shown in the accompanying illustration. The 
angle is measured with a driftmeter and 
the time with a stopwatch. In addition to 











the drift lines, the reticle of a driftmeter 
has two transverse lines called timing lines. 
With a stopwatch the passage of an object 
can be timed from one timing line to the 
other; that is, through an angle which is 
constant for that driftmeter. The distance 
traveled by the aircraft as the object passes 
through this angle is proportional to the 
absolute altitude (AA—altitude above the 
terrain) of the aircraft. Knowing the abso- 
lute altitude and the angle, this distance 
can be computed by trigonometry. Then, 
from the distance and time, the ground- 
speed may be computed. 

However, trigonometry isn’t needed _ to 
work out a groundspeed by timing problem. 
Since the distance traveled is proportional 
to the absolute altitude, it is found by mul- 
tiplying the absolute altitude by a factor 
(called the K-factor) which is constant for 
the individual driftmeter. The groundspeed 
is solved on the DR computer using time in 
seconds, absolute altitude, and the K-factor. 


The accuracy of groundspeed by timing 
depends on the accuracy of the timing and 
on the accuracy of the absolute altitude. A 
10 percent error in either time or absolute 
altitude can cause a 10 percent error in 
groundspeed. With a given groundspeed, 
the time for an object to pass between the 
timing lines increases with the altitude. As 
altitude and time increase, a given error in 
time will result in a smaller error in ground- 
speed. Therefore, the greater the absolute 
altitude, the more accurate will be the re- 
sults. Ordinarily, the stopwatch timing 
should be accurate to about one-tenth of a 
second. 


ABSOLUTE ALTITUDE. The determination 
of absolute altitude often is a greater source 
of inaccuracy. The accuracy of this deter- 
mination depends on the nature of the ter- 
rain and on the type of altimeter used. In 
level flight over the sea, the absolute alti- 
tude remains nearly constant; but over 
rough terrain, it changes continuously. 
Therefore, absolute altitude can be found 
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more easily and more accurately over the 
sea than over rough terrain. 

Absolute altitude can be read directly 
from an absolute altimeter. Such an instru- 
ment is an altimeter based on the reflection 
of radio waves and will be discussed in de- 
tail later in the manual. If a pressure altim- 
eter is used, the terrain elevation must be 
subtracted from the basic true altitude to 
find absolute altitude. With an absolute 
altimeter groundspeed by timing can be 
done over the sea or over relatively flat 
terrain without knowing the position of the 
aircraft. 

However, with a pressure altimeter, the 
terrain elevation must be known (when 
over land) in order to do groundspeed by 
timing. To know the terrain elevation, an 
accurate chart is necessary; moreover, the 
timing must be accomplished in an area 
where the elevation is marked on the chart. 
The more uneven the terrain, the more ac- 
curately the position must be known. From 
this it is easy to see why the absolute altim- 
eter is a better instrument for groundspeed 
by timing. 


THE STOPWATCH. To measure elapsed 
time accurately to the nearest one-tenth of 
a second, it is necessary to know how to 
use another instrument—the stopwatch. 
The stopwatch is an instrument designed to 
measure accurately small intervals of time. 
The outer or larger dial is numbered to 
indicate seconds and is further subdivided 
to indicate tenths of seconds as shown. The 
large hand in the center makes a complete 
sweep of the dial every 10 seconds. The 
smaller, inside dial is calibrated to read 
minutes and each minute is subdivided into 
six 10-second increments. It is numbered 
from zero to five minutes on the inner scale 
and from six to ten minutes on the outer 
scale. At the end of a complete sweep of the 
large hand, the smaller hand will indicate 
ten seconds. For each successive full sweep 
of the large hand, the smaller hand will 
record another ten second increment. For 
times over five minutes, the navigator must 
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For each full sweep of the large hand the small hand moves one ten-second increment 
The Stopwatch 


be aware that the smaller hand has com- 
pleted a full revolution and start reading 
the minutes on the outside scale of the inner 
dial from 6 through 10. The complete read- 
ing is a combination of the minutes and 
10-second increments on the inner dial and 
the seconds and tenths of seconds on the 
outer dial. The illustration indicates a read- 
ing of 31.5 seconds. 

Of course the watch must be wound and 
the hands zeroed before the start of a tim- 
ing run. The watch is wound in the normal 
manner and the hands are zeroed, started, 
and stopped by pressing on the winding 
stem of the watch. After completing a read- 
ing on the stopwatch and recording it, be 
sure to return the hands to zero by pressing 
the stem. It will then be ready for the next 
reading. 

The stopwatch is a very important instru- 
ment. It is designed to measure accurately 
small intervals of time. It is calibrated so 
that it can be read with a minimum of effort. 
Quick and accurate timing is of the utmost 
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importance in determining groundspeed 
with the driftmeter. 


GROUNDSPEED WITH B-6 DRIFTMETER. 
There are two methods of obtaining ground- 
speed by timing with the B-6 (or B-3) drift- 
meter; the zero trail angle method and the 
trail angle method. 


Zero Trail Angle Method 
1. Uncage the gyro. 


2. Read drift and leave the pointer on the 
drift reading. 


3. With a stopwatch, record the time re- 
quired for a sighted object to pass from one 
timing line to the other. In addition to the 
two timing lines near the ends of the drift 
lines, there is a third transverse line at the 
center of the field. For the zero trail angle 
method, use the outer lines. 


4. To solve for groundspeed in knots use 
the following formula: 


Groundspeed _ (Mca Altitude in feet 
in knots Time in seconds 





The K-factor is stamped on a plate which 
is fastened to the gyro housing. For solution 
on the computer, write the formula as a 
proportion : 

GS _ Absolute Altitude 
K Time 


For Example: 
Absolute Altitude 10,000 feet 
Time in seconds 7.3 
K-Factor .159 
Set up the proportion on the computer as 
follows: 
GS =10,000 
159 8 7.3 
Set 7.3 on the minutes scale under 10,000 


on the miles scale. Read the groundspeed 
(218) on the miles scale over .159. 


Trail Angle Method 


The line of sight control handle has de- 
tents or partial stops at three trail angles; 
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FACTOR 1.706 


S 
DETENTS 
AT 


—<—— 
— 50—703 
O- VON 


FACTOR .706 FACTOR 1.0 


Factors for Detent Positions 


as the line of sight reaches one of these 
angles, the detent can be felt and heard. 
By changing the line of sight from one de- 
tent to another, the passage of an object 
can be timed from the center timing line at 
one trail angle to the center timing line at 
another trail angle. 

The trail angle method of groundspeed 
by timing is described in detail for use with 
the 0° and 50° detents. The method is the 
same with the 50° and 70.9° detents or the 
0° and 70.9° detents. 


_1. Read drift and leave the pointer on the 
drift reading. 


2. Turn the line of sight to the 0° detent. 
Start the stopwatch as an object crosses 
the center timing line. 


3. Turn the line of sight, keeping the ob- 
ject in view until the 50° detent is felt. 
Stop the watch just as the same object 
crosses the center line again. (See illustra- 
tion, Trail Angle Method.) 


4. Read or compute the absolute altitude. 
If possible, absolute altitude should be read 
when the object is directly beneath the 
aircraft. 


5. Obtain the correct factor. The factor 
is 1.00 for the angle from 50° to 70.9°. For 
the angle from 0° to 50°, the factor is 0.706; 
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Follow the object with the line of sight 


Trail Angle Method 


for the angle for 0° to 70.9°, it is 1.706. 
These factors, which are summarized in the 
table, are for groundspeed in knots. 


6. Using the following formula, solve for 
the groundspeed. 


GS = Absolute Altitude 
K Time 


The same procedure may be used with 
trail angles where there are no detents. If 
this is done, it is necessary to note the value 
of the angle at the beginning of the run and 
at the end. Using these angles, the factor 
can be obtained from the table Factors for 
groundspeed by timing. 

The trail angle method is preferable to 
the zero trail angle method because the 
length of the timing period is increased. 
Consequently, the groundspeed will be more 
accurate because errors in timing will not 
be magnified as much as they are with the 
shorter period of time. 


Finding Wind After Groundspeed By 
Timing. After finding the groundspeed, it 


is an easy matter to find the wind. Since 
the true heading-true airspeed vector and 
the track-groundspeed vector are known, 
the wind triangle problem can be solved on 
the computer. 


BEARINGS AND LOP’S 


It was previously stated that dead reckon- 
ing is fundamental to all navigation. DR 
positions based solely on time, speed, and 
direction are the foundations of navigation. 
The skill of the navigator depends upon his 
ability to measure, interpret, correct, and 
translate these data into useful and reliable 
information. Dead _ reckoning is seldom 
exact, and the longer DR is carried from a 
fix, the less reliable it becomes. Individually 
small errors accumulate until the total error 
becomes dangerously large. 

To keep the total error at a minimum, a 
competent navigator employs every means 
of finding his actual position in relation to 
the ground. In flights over land, with suit- 
able visibility, an air navigator can fre- 
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FACTORS FOR GROUNDSPEED BY TIMING 
Nautical Miles Absolute Altitude 
~ Hour ‘Time (Seconds) 

Absolute Altitude GS 
“Time (Seconds) Factor 


Factor 
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Start 
Finish *0° 10° 20° 30° 40° 50° 
5° .0518 | 
10° 1043 
15° .1587 .0543 
20° 2155 112 
25° 276] 1717 .0605 
30° 3419 2375 1264 
35° 4146 3102 .1990 .0727 
40° 4968 3924 .2813 1549 
45° 5921 .4877 3765 2502 .0953 
*50° 7057 .6013 4901 .3638 .2089 
55° 8456 7412 .6300 .5037 3487 .140 
60° 1.026 9222 .8100 .6837 .5287 .320 
65° 1.270 1.165 1.054 9275 7729 564 
*70.9° 1.706 1.602 1.490 1.364 1.209 1.000 


*B-3 Driftmeter Has Detents at These Angles 


Factors for Groundspeed by Timing 


quently identify his position by means of 
recognizable landmarks. An accurate posi- 
tion determined without reference to any 
former position is called a fix. 


If a fix is well defined, the navigator 
knows his position as precisely as at the 
time he took off. Such a fix serves as a new 
point of departure, canceling all previous 
errors in DR and becoming the origin of a 
new DR plot. A series of fixes improves the 
accuracy of later DR positions by giving 
better information concerning track, ground- 
speed, and wind. 


Lines of Position 


A navigator often has definite but incom- 
plete knowledge of his position without 
knowing precisely where he is. For example, 
he might recognize a river crossed in flight 
without knowing exactly where the cross- 
ing was made. He then has a definite clue 
to his position, but does not have a fix. A fix 
is a point; the river is a line. A line indi- 


cating a series of possible positions of the 
aircraft is called a line of position (LOP). 


If a navigator can identify his position 
along an LOP, he then has a fix. Suppose a 
navigator is flying above a railroad as illus- 
trated. Even if he does not have an exact 
position along the railroad, he has a visual 
LOP. He is somewhere along this line. Now 
if he sees the railroad cross another rail- 
road below the aircraft, he will then know 
exactly his position on the two railroads and 
have a fix. Thus, two LOP’s intersecting 
establish a fix. 


LINES OF POSITION BY BEARINGS. A com- 
mon method of determining a line of posi- 
tion is to establish the direction of the line 
of sight to a known, fixed object by means 
of a driftmeter, astrocompass, and so forth. 
The illustration shows a line of sight from 
the aircraft to a fixed object on the ground. 
The direction of the line of sight is the 
bearing of the object from the aircraft. A 
line plotted in the direction of the bearing 
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True Heading Plus Relative Bearing 
Equals True Bearing 





Two Intersecting Lines Determine a Fix would have been different. A bearing is a & 
locus of possible positions of the aircraft. 


RELATIVE BEARINGS. A relative bearing 
is the angle between the fore-and-aft axis 
of the aircraft and the line of sight to the 
object, always measured clockwise from 
000° at the nose of the aircraft, through 
360°. In the accompanying illustration, the 
relative bearing of the object is shown as 
070°. Before the relative bearing is plotted, 
it must be converted to true bearing by 
adding to it the momentary true heading of 
the aircraft when the bearing was taken, 
dropping 360° when the sum exceeds this 
amount. Thus: 


is a line of position. At the time of the ob- 
servation, the aircraft must have been on 
the line of position; otherwise the bearing 









TB=RB+TH 
PIKE'S PEAK 
Where: 
| TB is the true bearing, 
5 RB is the relative bearing, and 
VISUAL LOP j 

TH is the true heading. 
Assuming the aircraft to be on a true 
Establish a Visual LOP heading of 210° when the bearing was 
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Procedures for Plotting an LOP 


taken, the corresponding true bearing of 
the object is 280°. 

The basic equation for TB may be rear- 
ranged to compute any other item it con- 
tains. Thus: 


TH=TB—RB, or RB=TB—TH. 


Plotting the LOP 


As previously stated, two intersecting 
LOP’s determine the position of the air- 
craft. It should be obvious that the position 
of the aircraft is not known until the LOP’s 
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An LOP Parallel to Track is a Course Line 


are plotted, and that therefore the origin of 
the LOP’s for plotting cannot be the air- 
craft. The only other possible point from 
which to begin the plotting is the object on 
which the bearings were taken. The pro- 
cedure is to use the reciprocal of the true 
bearing of the object, thus drawing an LOP 
toward the aircraft. In actual practice, it is 
not necessary to compute the reciprocal of 
the bearing; the true bearing is measured 
with the plotter, and the LOP is drawn to- 
wards the opposite end of the plotter. 


In order to establish an LOP by relative 
bearing, the navigator must know: 

1. The position of the source of the 
bearing. 

2. The true heading of the aircraft. 

3. The relative bearing of the object. 


4. The exact time at which the true head- 
ing and relative bearings were taken. The 
referenced illustration shows the procedure 
to follow. 


Use of LOP’s 


A fix gives definite information as to both 
track and groundspeed of an aircraft since 
the last fix, but a single LOP can define 





An LOP Perpendicular to Track is a Speed Line 


either the track or the groundspeed—not 
both. It may not clearly define either. The 
evidence obtained from an LOP depends 
upon the angle at which it intersects track, 
and LOP’s are sometimes classified accord- 
ing to this angle. 


CoursE LINE. An LOP which is parallel 
or nearly parallel to the course is called a 
course line. It gives information as to possi- 
ble locations of the aircraft laterally in re- 
lation to the course; that is, whether it is 
to the right or left of course. Since it does 
not indicate how far the aircraft is along 
the track, no speed information is provided. 


SPEED LINE. An LOP which is perpendi- 
cular or nearly so to the track is called a 
speed line, since it indicates how far the 
aircraft has traveled along the track, and 
thus is a measure of groundspeed. It does 
not indicate whether the aircraft is to the 
right or left of the course. When a speed 
line intersects the track at an angle less 
than 90°, an accurate groundspeed is ob- 
tained only if distance is measured along 
the track. 
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Adjusting LOP’s for Fix 


Adjusting LOP's for a Fix 


It is usually impossible for an air naviga- 
tor without assistance to obtain more than 
one LOP at a given time. Only one man can 
operate the driftmeter or astrocompass, 
and unless an assistant can obtain a second 
LOP simultaneously with the navigator, the 
intersection of the two lines does not con- 
stitute a fix because the aircraft is moving 
at high speed between the times of the 
two observations. 


The illustration shows a bearing taken at 
1055 and another at 1100. At 1055 when 
the first bearing is taken, the aircraft is 
somewhere along the 1055 line of position, 
and at 1100 it is somewhere along the 
1100 LOP. The intersection of these two 
lines, as plotted, does not constitute a fix. 
In order for an intersection to become a fix, 


the LOP’s must either be observed at the 
same time or adjusted for the motion of 
the aircraft between the observations. The 
usual method of adjusting an LOP for the 
motion of the aircraft is to advance one line 
to the time of the other. The illustration 
shows how this is done. The desired time 
of the fix is 1100. 


1. Determine the time to advance the 
LOP (5 minutes) and multiply this time by 
the groundspeed of the aircraft (300 knots). 


2. Take the distance computed in the first 
step and lay it off in the direction of the 
track of the aircraft (45°). 


3. Draw a line through this point parallel 
to the 1055 LOP. This represents the ad- 
vanced LOP. The intersection of the ad- 
vanced LOP and the 1100 LOP is the fix. 


4-59 


AF MANUAL 51-40 VOL 1 15 OCTOBER 1959 





For purposes of plotting, the advanced 
LOP is usually labeled with two arrow- 
heads, while the unadvanced LOP is marked 
with a single arrowhead. 


When three LOP’s are involved, the pro- 
cedure is exactly the same as for only two. 
The resolution of three LOP’s, however, 
usually results in a triangle—and the tri- 
angle may be large enough to vary the 
position of the fix considerably. The pro- 
cedure most universally adopted by Air 
Force navigators is to place the fix at the 
center of the triangle. The _ illustration 
shows the technique for finding the center 
of the triangle by bisecting the angles of 
the triangle. The point of intersection of the 
bisectors is the position of the fix. 
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BISECTOR METHOD 


Use the Center of the Triangle for a Fix 


The Running Fix 


It is possible to establish an aircraft’s 
position by a series of bearings on the same 
object. For best accuracy, these relative 
bearings are taken when the object is ap- 
proximately 45°, 90°, and 135° from the 
aircraft. The lines are then advanced or 
retarded to the same time. The resulting 
fix is termed a running fix, though the 
position is actually not an absolutely relia- 
ble fix because the advance of the earlier 
line is dependent upon track and ground- 
speed which may not be known precisely. 
For short intervals, the error is small, and 
the accuracy is almost equivalent to that of 
a fix. The running fix is illustrated. 











The accuracy of a fix can sometimes be 
improved by the use of a little foresight. 
If the direction of motion is known more 
accurately than the groundspeed, a course 
line should be adjusted since any error in 
the groundspeed will have little effect on 
the position of the adjusted line. If, how- 
ever, it is desired to adjust a speed line 
under these conditions, the accuracy of the 
fix is in doubt. Similarly, if the groundspeed 
is known more accurately than the track, 
the speed line should be adjusted to the 
time of the course line. The line which will 
be affected least by the information in doubt 
should be the one adjusted. 


MAP READING 


Map reading is the identification of land- 
marks from their representations on a 
chart, and the utilization of this information 
to fix the position of the aircraft or to estab- 
lish lines of position. It is one of the most 
accurate aids to dead reckoning, being de- 
pendent only upon the navigator’s ability to 
see and identify landmarks and his ability 
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to judge distance. Under ideal conditions, 
map reading is one of the best aids to dead 
reckoning. Unfortunately, conditions often 
exist which make this technique extremely 
difficult or impossible. Map reading cannot 
be accomplished when the ground is ob- 
scured by clouds or when the aircraft is 
flying over water. Even with the ground 
visible, the navigator may find it difficult 
to identify the landmarks. Despite the re- 
strictions and limitations of map reading, it 
continues to be one of the easiest and most 
accurate methods of positioning. 


Map Symbols 


The construction of aeronautical charts is 
discussed fully in the section entitled ‘‘Maps 
and Charts.” Information concerning the 
symbols used is covered there, and _ the 
knowledge of these symbols is an absolute 
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The Running Fix 





Prominent peaks, cuts and passes, 
gorges. 


General profile of ranges, trans- 
mission lines, railroads, large 
bridges over gorges, highways, 
lookout stations. 


Tunnel openings and mines. 
Clearings and grass valleys. 


COASTAL AREAS 
Coastline with unusual features. 


Lighthouses, marker buoys, towns 
and cities, structures. 


SEASONAL CHANGES 


Unusually shaped wooded areas in 
winter. 


Dry river beds if they contrast with 
surrounding terrain. Dry lakes. 


HEAVILY POPULATED AREAS 
Large cities with definite shape. 

Small cities with some outstanding 
check point; river, lake, structure, easy 
to identify from others. 

Prominent structures, speedways, rail- 
road yards, underpasses, rivers and 
lakes. 

Race tracks and stadia, grain ele- 
vators, etc. 


OPEN AREAS FARM COUNTRY 


Any city, town, or village with iden- 
tifying structures or prominent terrain 
features adjacent. 


Prominent paved highways, large 
railroads, prominent structures, race 
tracks, fairgrounds, factories, bridges, 
and underpasses. 

Lakes, rivers, general contour of 
terrain; coastlines, mountains, and 
ridges where they are distinctive. 


FORESTED AREAS 


Transmission lines and railroad 
right-of-ways. Roads and highways, 
cities, towns and villages, forest 
lookout towers, farms. 

Rivers, lakes marked terrain fea- 
tures, ridges, mountains, dearings, 
Open valieys. 


POOR CHECK POINTS 


Smaller peaks and ridges, similar 
in size and shape. 


General rolling coastline with no 
distinguishing points. 


Open country and frozen lakes in 
winter unless in forested areas. 


Small lakes and rivers in arid sections 
of country—in summer—when they may 
dry up. 


Lakes (small) in wet seasons In Icke 
areas, where ponds may form by 
surface waters. 


Small cities and towns, close together 
with no definite shape on chart. 


Small cities or towns with no out- 
standing check points to identify them 
from others. 


Regular highways and roads, single 
railroads, transmission lines. 


Farms, small villages rather close 
together, and with no distinguishing 
characteristics. 


Single railroads, transmission lines and 
roads through farming country. 


Small lakes and streams in sections 
of country where such are prevalent, 
ordinary hills In rolling terrain. 


Trails and small roads without cleared 
right-of-ways. 


Extended forest areas with few breaks 
or outstanding characteristics of terrain. 


Landmarks as Check Points 











necessity for the accomplishment of map 
reading. 


Check Points 


Check points are landmarks used to posi- 
tion the aircraft and to check on its position 
and direction of travel. They are merely 
fixes that have been anticipated, and the 
position of the fix, relative to the expected 
position, is the main information derived 
from them. Arrival over check points at 
anticipated times is a confirmation of the 
accuracy of the wind prediction and indi- 
cates reliability of the predicted track and 
groundspeed. If check points are crossed 
but not at the predicted times, the ground- 
speed is in error. If the aircraft passes near 
but not over a check point, the track is not 
as anticipated. 

The prudent navigator is quick to observe 
and evaluate the differences between pre- 
dictions and actualities in flight. He does not 
ignore even small variations from antici- 
pated performance, for these are the fac- 
tors that influence his future judgment. 
Small errors can become cumulative and 
may eventually result in the aircraft be- 
coming lost. 


If the navigator is doubtful of his posi- 
tion, he must look for related details before 
the check point can be positively identified. 
Often it is better to select a feature of the 
chart and then seek it on the ground, rather 
than to work from the ground to the chart. 
The chart may not show all the detail which 
is on the ground. 


Low Level Map Reading 


On low level flights the navigator may 
encounter additional difficulties. Accurate 
drift observations are hampered by the 
speed with which the ground seems to rush 
by. Air turbulence increases the difficulty 
of instrument observations. The circle of 
visibility is reduced, and those objects that 
are visible disappear so rapidly that only 
the boldest outlines and most conspicuous 
patterns can be recognized. 
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In low level navigation, preflight plan- 
ning is especially important as there is little 
time for inflight computations. The courses 
should be laid out to take full advantage of 
prominent check points. It is sometimes de- 
sirable to draw drift lines 5° on each side 
of the course line to assist the navigator in 
estimating drift and making necessary cor- 
rections. 


A prominent landmark such as a high 
mountain peak or a tower may provide con- 
venient heading references if ahead of the 
aircraft. Sometimes a coastline, river, 
highway, or railroad can be followed. 


In low level flight, one should be particu- 
larly alert to possible danger from obstruc- 
tions. Hills and mountains are easily avoid- 
ed if the visibility is good. Radio and tele- 
vision masts, which may extend as much as 
1,000 feet or more into the air, often from 
elevated ground, are less conspicuous. All 
such obstructions may or may not be shown 
on the aeronautical charts being used. 


Map Reading at Night 


Map reading is often more difficult at 
night than during the day because many of 
the prominent daytime landmarks are indis- 
tinguishable at night. Also, distances at 
night are often deceiving, making fixing on 
points other than those directly beneath the 
aircraft very difficult. On the other hand, 
the marked prominence of lighted cities 
helps to reduce some of the confusion. The 
illustration shows a typical night view of 
Memphis, Tenn. 


UNLIGHTED LANDMARKS. In moonlight 
and sometimes on moonless nights, the 
more prominent landmarks are visible from 
the air. Coastlines, lakes, and rivers usually 
can be seen without difficulty. Reflected 
moonlight causes a stream or lake to stand 
out strikingly for a moment as the aircraft 
passes; however, this moment may be too 
brief to permit pinpoint fixing. For best re- 
sults at night, the navigator should accus- 
tom his eyes to the darkness and work only 
with red light. 
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NIGHT VIEW 


All Features are not Distinguishable at Night 


LIGHTED LANDMARKS. Lighted cities 
and towns make excellent landmarks. They 
may even stand out more clearly than dur- 
ing the day, but at night it is more difficult 
to distinguish one from another. Large cities 
can often be recognized by their distinctive 
shapes just as in daylight; however, the 
chart gives little clue to their appearance 
except by relation to other towns. Large 
airfields with their distinctive patterns of 
lights may be used as check points or to 
help identify other check points. Many small 
towns are darkened at night and do not 
show at all. Busy highways are discern- 
ible because of automobile headlights. In 
daylight, many landmarks blend into the 
landscape while at night those same land- 
marks, if lighted, can frequently be seen at 
great distance. 

At night, the airways display lighted 
beacons along their routes. On clear nights, 


4-64 


these can be seen for 20 or 30 miles along 
an airway in either direction. Most beacons 
flash or revolve six times a minute, and 
many flash code letters which can be read 
only within the airway limits. The position 
of each beacon and the code letter are 
marked on aeronautical charts. 


Estimating Distance 


The ability to estimate distance is more a 
matter of skill and experience than of rules. 
However, the following methods may be of 
assistance. 


One method of estimating distance is to 
compare it with the distance separating two 
other points as measured on the chart. 


Another method is to estimate the angle 
between the horizontal at the aircraft and 
the line of sight. This is called the angle of 
depression. The distance in feet is equal to 
the absolute altitude times the cotangent of 
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HORIZONTAL 





Distance by Angle of Depression 


the angle of depression. If the angle is 45°, 
the distance equals the altitude. If the angle 
is 30°, the distance is approximately 1.7 
times the altitude, and for 60°, it is 0.6 
times the altitude as shown. Remember 
that the computed distance is no more ac- 
curate than the absolute altitude. 

As used here, distance refers to the hori- 
zontal distance between a landmark and the 
point directly beneath the aircraft. This is 
the distance which is plotted on a chart. 
It is not the length of the line of sight which 
is called slant range. 


Contour Map Reading 


A contour is a line connecting all points 
of a given elevation above sea level. The 
shoreline of the sea might be thought of as 
the 0-foot contour, since every point on it 
is at an elevation of zero feet above sea 
level. The 1,000-foot contour is the line 
where the shore would be if the tide came 
up to 1,000 feet. On a steep slope contours 
are close together; on a gentle slope they 


are farther apart. To an experienced navi- 
gator’s eye, a contour map is just the same 
as a relief map. A study of contours will 
enable the navigator to visualize the ter- 
rain. On charts, contours are brown lines, 
each labeled with the elevation it repre- 
sents. The lower ones are drawn for inter- 
vals of 1,000-foot elevation; the upper ones 
for intervals of 2000 feet. 

The relief shown by contours is further 
emphasized on charts by a gradient system 
of coloring. The area between sea level and 
the 1000-foot contours is dark green, that 
between the 1000-foot and 2000-foot con- 
tours is light green, and the areas between 
successive higher contours are in differ- 
ent shades of brown from light to dark. 
The darker colored mountain peaks stand 
out conspicuously. Some aeronautical charts 
may have different color schemes, and yet 
others have only the contours. 

On charts of poorly known areas, moun- 
tains may be indicated by hachures or shad- 
ing lines, with the elevations of peaks given 
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as accurately as they are known. Hachures 
may be used on charts to show prominent 
hills or buttes too small to show up other- 
wise because of the large contour interval. 


SAMPLE NAVIGATION MISSION 


Previous sections have been devoted to 
various parts of basic navigation—maps 
and charts, plotting equipment, computer, 
or wind triangles. By themselves, these 
parts have little practical value. Tied to- 
gether, they form the basis of the method 
used to navigate an aircraft. This section 
will be devoted to combining all these parts 
of dead reckoning and of map reading as 
an aid to DR. To illustrate the procedures 
better, the techniques will be shown by use 
of a sample problem. 


Flight Planning 


The principal reason for good flight plan- 
ning is to save time while airborne. Deci- 
sions must be made quickly and accurately. 
Costly errors can be greatly reduced by 
thorough preflight preparation. During 
flight, a navigator is under almost constant 
tension, especially in combat, and is contin- 
ually inconvenienced by noise, vibrations, 
and bulky equipment. Consequently, as 
much planning and precomputation as pos- 
sible is done before takeoff. 

After the route or area of the flight is 
determined, the first step is to talk with the 
meteorologist. From him, the navigator gets 
the forecast winds. These winds are usually 
given for every two thousand feet up to 
20,000 feet. Winds for altitudes above and 
below the proposed flight altitude should be 
obtained in case of last minute changes. The 
pressure systems affecting the route are 
noted and used, if desired. (A complete 
coverage of pressure differential is con- 
tained in Chapter 5.) 

Depending upon the type of mission, the 
navigator gets as much information as pos- 
sible about the flight itself—either from 


operations or from a briefing given by spe- 
cialists. The planning will also vary accord- 
ing to the type of flight: transport, air-sea 
rescue, patrol, search, bombing, weather 
observation, etc. The navigator should check 
for any changes in navigational aids such as 
airport facilities, runway conditions, mini- 
mum enroute altitudes, and holding proce- 
dures. Operations will also issue any special 
instructions for the flight such as the time 
of takeoff, duration of flight, possibility of 
encountering enemy fighters, danger areas, 
altitudes, and airspeeds. All this informa- 
tion helps the navigator make his prepara- 
tions more intelligently. 


After the winds, the weather, the type of 
flight, and special orders are known, the 
navigator begins his flight planning. The 
navigational equipment for the flight must 
first be assembled, including charts of the 
area to be covered, plotting equipment, pub- 
lications, tables, graphs, and instruments. It 
is helpful to have a checklist to be certain 
that no items are overlooked. 


AEROLOGY. For this problem departure is 
29-58N, 94-13W and destination is 31-3614N, 
84-06W. The missions is to be flown at 
10,000 feet with a climb on course. Check- 
ing with the meteorologist, the navigator 
finds he should expect stratus and cumulus 
clouds with bases at 4000 feet and tops 
generally at 8000 feet. Isolated thunder- 
storms are reported about halfway to desti- 
nation with conditions becoming scattered 
to clear the last half of the mission. 


The winds are given as follows: 
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CHARTS. Since the flight is to be over 
land, charts suitable for visual navigation 
will be needed. However, weather conditions 
indicate that little visual fixing will be pos- 
sible, so the mission is preflighted on a 
Mercator with the hope of being able to 
obtain some drift readings and ground- 
speeds by timing through the broken under- 
cast. : 


Generally, in planning a mission, other 
considerations are also necessary. If the 
flight will cover a long distance, the naviga- 
tor may want to plan the route on a gno- 
monic or Lambert chart, and transfer posi- 
tions to a Mercator. Loran or other special 
charts may be required. 


EQUIPMENT. The navigator will need as 
a minimum, the following equipment: 


1. Several well-sharpened pencils and a 
good eraser. 


2. A pair of dividers. 
3. A plotter. 
4. A DR computer. 


5. Flashlight. 


Each navigator in the Air Force main- 
tains his own set of basic equipment. In 
addition to the DR kit, he will generally 
have a sextant; specialized and _ standard 
operating procedures for equipment such 
as radar; tables and graphs for celestial, 
pressure pattern, or grid navigation; and of 
course, his own set of flying clothes. 


PUBLICATIONS. Numerous publications 
exist for the assistance of the navigator 
and pilot. Some of these are the Radio 
Facility Chart, Airman’s Guide, and Flight 
Planning Document. These publications give 
information as to airdromes, radio frequen- 
cles and call signs, danger areas, flying 
regulations, and other facts pertinent to 
any flight. 


INSTRUMENTS. Instrument requirements 
vary with the type of mission to be flown. 
For instance, on a celestial mission a sex- 
tant will be needed. However, the aircraft 
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may have a permanent periscopic sextant 
or an automatic sextant already installed. 
It will be the navigator’s responsibility to 
check these to see that they are in operat- 
ing condition. One other piece of equipment 
that the navigator has in his permanent 
possession is a watch. This basic piece of 
equipment is considered an instrument be- 
cause of the precision required. Again it will 
be the navigator’s responsibility to keep 
his watch hacked and rated. 


Most of the other instruments are carried 
on the aircraft. All instruments (astrocom- 
pass, altimeter, temperature gage, etc.) 
must be preflighted. If any one instrument 
is not a part of the aircraft, then the navi- 
gator must allow for the deficiency in his 
flight planning. 


Route Planning 


The navigator is now ready to begin ac- 
tual chart and log work for the proposed 
mission. He would generally follow the steps 
shown here: 


1. A chart is prepared by orienting it for 
north or south latitude as appropriate, and 
labeling the meridians according to the 
longitude involved. In this instance, a VP 
30-3 is used to cover the range of latitude, 
and the meridians are labeled approximate- 
ly from 95° W to 83° W. 


2. Departure and destination and other 
positions or areas pertinent to the flight are 
plotted. In the mission being flown, depar- 
ture is plotted at 29-58N, 94-13W, and des- 
tination at 31-3614N, 84-06W. Inspection of 
the facilities chart reveals several restrict- 
ed areas which must be avoided. The loca- 
tions of these areas are plotted precisely on 
the Mercator (see illustration). The navi- 
gator plans to stay on course until after he 
has gone between the first two restricted 
areas, and then plans to avoid R-156 (R-366 
is restricted to aircraft operating above 
20,000 feet). 


3. The course line is drawn between the 
point of departure and destination if the 
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Preparing the Chart 


flight has a single leg as this one does. 
On a dog leg or mission with several legs, 
each turning point and each course line 
would be drawn. 


A climb on course will be preflighted and 
performed on most operational missions. On 
this mission the aircraft will begin its climb 
on course immediately upon departing. Fre- 
quently the direction of takeoff could be 90° 
to 180° from the true course. In such a case 
the time lost in turning and the radius of 
turn for the aircraft can be figured to offset 
the actual departure point. 


CLIMB AND DESCENT DATA. The climb 
and descent phases of operational flights 
require special consideration. The two are 
generally similar except in determining a 
point at which to begin descent. Methods of 
computing the descent will be covered in 
the chapter on Operational Techniques 
and Equipment. The short climb method 
will be used on this mission. 


The value of a climb or descent on course 
is quite apparent. Circling over the depar- 
ture point until the flight altitude is reached 
is a waste of time and fuel whether the 
flight is going only to five thousand feet or 
to fifty thousand feet. 


It is always necessary to follow the air- 
craft during a climb or a descent with DR 
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procedures because a definite fix may not be 
available immediately after reaching flight 
altitude or leveloff as it is commonly termed. 

Wind direction and speed normally change 
with altitude. How much they will change 
depends upon the pressure system where 
the climb is made. But the navigator can 
look for a shift in direction and an increase 
in wind speed with an increase in altitude. 
Thus it follows that an average wind must 
be used. True airspeed must also be com- 
puted using an average altitude and tem- 
perature for the climb. 

In climbs of only a few thousand feet, 
the preflight data plus a careful monitoring 
of instruments will give a leveloff position 
accurate enough to use as a starting point. 
However, if the climb is to a higher alti- 
tude, the leveloff position should be verified 
with a fix as soon as possible. Figuring a 
rate of climb at 500 feet per minute, 40 
minutes are needed to get an aircraft to 
20,000 feet. At a groundspeed of 240 knots 
which is relatively slow for operational air- 
craft, 160 nautical miles would be covered. 
Inaccuracies in DR procedures during the 
climb could cause large errors in the leveloff 
position. A five-degree difference in track 
in a distance of 160 nautical miles would 
cause an error of 13!4 nautical miles in the 











DR position. It is important to have an ac- 
curate leveloff DR position to help orient the 
aircraft and obtain a fix. When it is impossi- 


ble to obtain a fix, the DR position will be 


used since it is the best known position. 


The usual method of handling the short 
climb data is to preflight on expected or 
predicted average data. Inflight averages of 
compass heading, airspeed, and drift, if 
possible, are combined with average altitude 
and temperature to obtain an average true 
heading and true airspeed. Then by apply- 
ing the average forecast wind, the average 
track and groundspeed are found for use in 
plotting the leveloff position. 


Average Wind in Climb. The navigator 
obtains the direction and speed of forecast 
winds which are generally given at 2000- 
foot intervals of altitude to 20,000 feet and 
then every 5000 feet above 20,000. The 
average of the winds through which the air- 
craft will pass during the climb is deter- 
nuned by the navigator by either the vec- 
tor, arithmetical, or mental estimate 
method. 


The vector method will give the most ac- 
curate results and should be used in all 
cases where there is a_ difference in the 
direction of any two or the wind of more 
than 90° and/or a difference in the speed of 
any two of the winds of more than 15 
knots. The explanation of averaging winds 
vectorially on the computer was given in 
the section on the wind triangle. The aver- 
age of the winds for the mission used as an 
example here is 167°/23K. Five winds, from 
the surface through 8000 feet, were vec- 
tored. 


The arithmetical average of the same five 
winds would give 170°/25K; not too much 
different from the vector average in this 
case. However, the difference could be con- 
siderable especially when the directions 
vary more than the 40° used in this ex- 
ample. 


A quick mental estimate of the same five 


winds would, in this case, again give about 
170°/25K. But the navigator should be 
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careful in estimating the average. Several 
directions and groundspeeds can be mis- 
leading. Observing the ‘limitations: of 90° 
and 15 knots within reason, the navigator 
should make it a general rule to vector or 
arithmetically average climb winds. Given 
two winds of 000°/30K and 085°/45K, the 
difference is more readily apparent. The 
vector method gives an average wind of 
052°/28K while the arithmetical average is 
04214°/3714K. Yet the two winds are with- 
in the limits set above. On an _ extended 
climb the difference could cause quite an 
error in the leveloff position. 


Average Temperature in Climb. Temper- 
atures obtained from the meteorologist are 
arithmetically averaged for the span of 
heights to be encountered. In the problem 
presented here, the average of the temper- 
ature for a climb from the surface to 9000 
feet is +18°C. 


Average Pressure Altitude in Climb. To 
find TAS from IAS, it is necessary to know 
the average pressure altitude. This is sim- 
ply the midpoint of the altitude span 
through which the aircraft will climb. In 
this problem, the midpoint of the climb 
from ground to 9000 feet is 4500 feet. 


PREFLIGHTING THE CLIMB. To tie all of 
the previous information together, a step 


by step procedure used in this particular 


mission will follow. The reason for each step 
will be given where techniques might differ, 
although the mission itself and the opera- 
tional problems will often cause different 
techniques to be used. 


1. Measure and log the true course of the 
climb leg. Since the mission has been plotted 
on a Mercator chart, the climb leg and the 
flight altitude leg will be the same true 
course. (If the mission has been plotted on 
a Lambert conformal, the climb leg would 
have been measured uSing a meridian at 
the midpoint of the climb leg. The true 
course for the flight altitude leg would have 
been measured at a meridian midway be- 
tween the leveloff position and destina- 
tion. The difference would depend on the 
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Flight Plan 


length of the entire leg and in this case 
would be approximately two degrees.) The 
navigator on this mission measured a TC 
of 079°. 


2. Determine the average W/V, average 
altitude, and average temperature for the 
climb. Log the figures in the appropriate 
columns. This mission is using 167°/23K, 
4500 feet, and +18°C. 


3. Find, from the briefing officer or oper- 
ations, the IAS and the rate of climb. On 
this mission an IAS of 150K and a rate of 
climb of 500 feet per minute are to be used. 
Since the aircraft will climb 9000 feet, the 
time needed to reach leveloff will be 18 
minutes. Log 150K and 18 minutes in the 
- appropriate columns. 


4. Using average altitude and average 
temperature and an IAS of 150K, find and 
log TAS (164K). 


5. Using average W/V, TC, and TAS, 
compute the TH and GS, and log these fig- 
ures. (In this case, TH is 087° and GS is 
162K.) 


6. Figure the distance that will be cov- 
ered in 18 minutes at a GS of 162K. Log 
the answer (49nm). 


7. From the chart obtain the variation 
for the climb (8°E), log it as —8, and then 
compute the magnetic heading (079°). 


COMPLETING THE PREFLIGHT. The flight 
altitude leg is computed in nearly the same 
way as the climb. The length of the leg and 
operational conditions will dictate whether 
the navigator will use an average of the 
wind between departure and destination, or 
whether he would use the wind at departure 
to stay close to true course. In this case 
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the navigator wishes to stay close to true 
course to pass between two restricted areas. 


The same holds true for variation as for 
the wind. The navigator on this mission 
uses 7° E ; the first variation line he will 
cross. Use of average variation will cause 
the aircraft to swing off course, although it 
does have the advantage of not requiring 
frequent heading changes. 

The distance for the flight altitude leg on 
this mission (481 nm) is found by measur- 
ing the entire course and subtracting the 
distance covered in the climb. 

An IAS of 190K is used for flight altitude. 


Inflight Procedures 


CLIMB DATA. At takeoff the navigator 
logs the time and instrument readings as 
shown in Flight Record (A). Then he fig- 
ures, by adding the time in the climb to 
takeoff time, when the aircraft will reach 
leveloff. Except for the departure or take- 
off time (same in this case), compass head- 
ing, IAS, altitude, temperature, and ETA to 
leveloff, the navigator simply carries the 
information over from preflight to the first 
inflight log entry. 

During the climb, the navigator reads and 
records instrument readings and drift if 
possible. He may do this at regular inter- 
vals as this mission shows, or more fre- 
quently if heading and airspeed are chang- 
ing considerably. 


LEVELOFF POSITION. An accurate leveloff 
position is the objective of monitoring climb 
conditions closely. Drift readings will im- 
prove the accuracy and should be obtained 
if possible. 
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Flight Record (A) 


At leveloff the navigator will give the 
pilot the new MH to fly since the drift at 
altitude is usually different from the aver- 
age drift in the flight. Then the leveloff 
position is established using an average of 
drift, CH, IAS, PA, and temperature. By 
working back from an average compass 
heading, an average track is_ established. 
The log line for 1013 in Flight Record (A) 
illustrates this. If no drift readings are 
available, then the track must be _ estab- 
lished using the metro wind. A new TAS is 
computed, and a new GS is then figured by 





_— —~ 


again using the metro wind. This navigator 
uses a policy of circling all averages used 
to establish a position. Other navigators 
may crosshatch the columns depending on 
personal preference and local standard op- 
erating procedure. 

In this example the aircraft reaches 9000 
feet in 17 minutes. The navigator estab- 
lishes an average track of 078° and travels 
47 nautical miles. He then plots these fig- 
ures from departure to actually show the 
position on the chart (see Plotting Chart 
Position). 


R-45] 


Plotting Chart Position 
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Flight Record (B) 


INFLIGHT AT ALTITUDE. After establish- 
ing the leveloff position, the navigator has 
brought down from preflight all of the in- 
formation for flight altitude just as he did 
for the departure and beginning of the 
climb on course. He will use this informa- 
tion if he is unable to obtain adequate in- 
flight observations, and also as an indication 
of what to expect enroute. 


INSTRUMENT ENTRIES. How often the 
navigator obtains readings or averages of 
readings and enters them in the log again 
depends on mission conditions, local SOP, 
and personal preference. If readings remain 
fairly constant, then less entries would be 
needed than if conditions were abnormal. 
The navigator -should certainly check and 
log them often enough so that he is certain 
he has a good picture of the mission. 


DEVIATION CHECK. The navigator on 
this mission takes a deviation check at 
1020. He finds that his compass has a cor- 
rection of a —1°. The methods of obtaining 
deviation checks are explained in other 
chapters. It may be stated here that the 
navigator obtains a true heading from some 
other source (astrocompass, periscopic sex- 
tant, etc.), applies spot variation to obtain 
magnetic heading, and then compares the 
MH to the compass heading taken at the 
same time as the TH. There is no hard and 
fast rule to guide the navigator on taking 
deviation checks on new headings. How- 
ever, a general rule of thumb to follow is 
to obtain a deviation check whenever the 
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CH has changed more than 15°. This figure 
has been accepted because the navigator 
usually swings his compass every 15°. 
Flight Record (B) shows the logging of 
the deviation check. 


DR PosITIons. Location of positions en- 
route is a continuous process. The: number 
or frequency depends primarily on flight 
conditions and types of fixing aids avail- 
able to the navigator. The following rules 
may be applied, keeping aware of local re- 
quirements that may be different. 


1. Every half hour if there is no signifi- 
cant change in flight conditions. 


2. Whenever course is altered, either at 
a predetermined turning point, or for some 
other reason. 


Significant changes in flight conditions 
may be defined as a wind shift that would 
alter drift more than 3°, a change in air- 
speed of more than 10 knots, or a change in 
CH of more than 8°. Allowing too much of 
a change in flight conditions without obtain- 
ing a position causes an inaccuracy to result 
if the navigator attempts to average out 
the change at a later time. The accompany- 
ing illustration shows this is an exaggerated 
form. 


DOUBLE DRIFT. Double drift or ground- 
speed by timing problems with a driftmeter 
are primarily applicable to training situa- 
tions. However, they are basic to many 
problems in more advanced navigation, and 
thus should be covered in DR procedures. 














Compass Heading Changes 15° L at 1035 


The navigator on this mission has noted 
in his log that the undercast is broken. He 
manages to obtain drift readings and, when 
a relatively large hole in the undercast is 
seen ahead, he directs the pilot to fly a 
double drift. The procedure covering the 
double drift is given in the section on the 
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driftmeter. By referring to the section of 
the log in Flight Record (B), we find the 
navigator has logged the information nec- 
essary to work out the wind. This includes 
a TH worked back from CH, a TAS com- 
puted from IAS, altitude, and temperature 
during the D/D. The navigator has also 
shown the drift on the right and left legs, 
and the one minute of lost forward motion 
has been logged in the time run column. 


At 1045 the navigator obtains a DR posi- 
tion. He averages CH, IAS, altitude, tem- 
perature, and drift since leveloff, and ap- 
plies the D/D wind to TH and TAS to find 
the average Tr and GS. Elapsed time is 32 
minutes but he subtracts one minute for the 
forward motion lost in the D/D. The track 
and distance plotted in the related illustra- 
tion are 080° and 11214 nautical miles. An 
ETA to destination is also computed. The 
navigator after plotting the position sees 
that he is pretty well on course and that no 
correction will be needed immediately to go 
between the two restricted areas. 


GROUNDSPEED BY TIMING. At 1115 the 
navigator figures his second DR position. 
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Flight Record (C) 


This one is based on groundspeed by timing 
(GS X T). With the procedure explained in 
the driftmeter section, several ground- 
speeds are obtained. He has logged them 
along with drift and instrument readings at 
convenient times (see Flight Record (C)). 
However, for each single GS X T logged, 
there were several taken and averaged, just 
as the navigator has done for drift and in- 
strument readings. The computation of the 
_ position is comparable to the DR position 
at 1045 with a new ETA to destination also 
computed. 





The location of the second DR position, 
illustrated, assures the navigator that he 
has missed the two restricted areas. How- 
ever, to doublecheck the dead reckoning, he 
decides to transfer the DR position to a 
WAC chart and try to pinpoint himself 
through one of the holes in the undercast. 
He also notes that some isolated thunder- 
storms lie across the track of the aircraft, 
and he hopes to obtain a fix from which to 
start airplot. He notifies the pilot that if 
alterations are necessary to circumnavigate 
the thunderstorms, he should alter left in 


Second DR Position at 1115 
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WAC Chart 
order to be north of the two restricted the chart as illustrated and logs the time 
areas still ahead of the aircraft. At 1123 of the fix, the fix symbol and description of 
the navigator locates himself by map read- the point, and instrument readings. The log 
ing over a bend in the Chickhowsay River entry is shown in Flight Record (D). He 
southwest of Lucedale. He marks the fix on decides to carry airplot from the 1123 fix. 
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AIRPLOT. The problems of the navigator 
would be very simple if he could plot the 
ground position of the aircraft with refer- 
ence only to its direction and speed through 
the air mass (TH and TAS). But the prob- 
lem is complicated by the movement of the 
air mass in relation to the surface of the 
earth. Previously, the wind vector and the 
air vector (TH and TAS) have been com- 
bined on the computer in terms of one hour 
to determine the ground vector (Tr and 
GS) for a DR position. 

Under certain conditions it is faster and 
easier to solve problems by a different form 
of dead reckoning called airplot. Airplot is 
the graphic solution of the wind triangle on 
a chart or computer for the purpose of find- 
ing a DR position or a wind. It must be 
clearly understood that airplot is not a dif- 
ferent method of navigation, but merely a 
difference in the application of the vectors 
of the wind triangle. 


Airplot becomes useful when the heading 
of the aircraft changes radically and fre- 
quently. Then it becomes much simpler to 
follow the movement of the aircraft through 
the air mass with TH and TAS rather than 
to figure a DR ground position for each time 
the heading changes. Many times the pilot 
will take over the direction of the aircraft 
when penetrating a front or squall line, or 
when taking evasive action in a combat 
situation. Obviously the work must be done 
quickly and accurately to end the period 
with a DR position from which the direct 
heading to destination may be resumed. 
The basic reason that airplot is faster and 
easier than groundplot is that the wind 
effects do not have to be considered until 
the heading changes are over. At that time 
a net wind effect for the period is plotted 
from the air position to find a ground 
position. 


To see how airplot is performed, follow 
the aircraft through the problem both on 
the chart and then on the computer. 


Airplot on Chart. The movement of the 
aircraft is represented on the chart by a 
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series of vectors based on TH and TAS. To 
be accurate, the airplot must be started at 
a known position—in this case—from the 
1128 fix. 


The navigator spots a large thunderstorm 
on the radar set and notifies the pilot that 
he must alter heading to avoid it. At 1130 
he makes the turn. Thus the first air vector 
will be found using the average TH and TAS 
for seven minutes. An examination of the 
log in Flight Record (D) will show that the 
navigator is recording only the minimum 
amount of information necessary to find the 
air vector. Extensive logwork is time con- 
suming, and is another reason why airplot 
is faster than groundplot. 


At 220 knots (TAS) the aircraft has gone 
26 air miles in seven minutes. The navigator 
plots the 26 nautical miles along a TH of 
086° (see WAC Chart). 


At 1188 the aircraft changes heading 
again. The air vector this time is eight min- 
utes or 29 air miles long plotted on a TH 
of 040°. Each time an air position is found, 
the navigator uses a plus sign for the air 
position and connects the position with a 
line labeled with one arrow for an air vector. 
He also records the time of the position on 
the chart. 


At 1142 the pilot turns the aircraft to 
another heading. The navigator plots an air 
vector of 15 air miles on a TH of 014°. 


The navigator notifies the pilot that this 
heading will take him past the thunder- 
storm and through the squall line. The navi- 
gator makes a mental note that he should 
try to get a fix before computing a heading 
to destination. There are two ways of orient- 
ing himself on the chart in order to have a 
starting place for map reading. He can take 
the last known wind and plot a proportion- 
ate amount of the wind from the last air 
position. This will give a ground position a 
little closer to the actual aircraft position. 
If the navigator were to do this, he would 
use the wind obtained at 1115 which was 
found by GS X T. 
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WAC Chart 


The other way is simply to use the last 
air position as a starting point. This is usu- 
ally satisfactory since the time spent in 
doing airplot is short and the air position 
and the ground position are not far apart. 
In cases of high speed winds, the air posi- 
tion could be misleading. In general it will 
suffice to be aware of the general direction 
from which the wind is blowing and to start 
looking for a fix on the opposite side of the 
air position. 

At 114714 the navigator obtains a fix over 
a small railroad bridge 3 nautical miles 
south of Beatrice as shown in WAC Chart. 
He plots an air position for the same time. 
This air vector will be for five and one-half 
minutes or 20 air miles on a TH of 065°. 
The fix and air position are logged on the 
same line as shown in Flight Record (D). 
To obtain an airplot wind, the navigator 
measures the direction of the wind vector, 


remembering that the wind always blows 
from the air position fo the ground position, 
or from heading to track. The direction of 
this vector as measured on the chart is 
233°. The length of the vector will repre- 
sent the wind effect on the aircraft from 
the time the airplot was started to the time 
it is stopped. This vector is 1114 nautical 
miles long and represents the wind effect 
for 2414 minutes. These two figures are set 
on the slide rule of the computer and the 
speed of the wind is read over the 60 min- 
ute index. The computer shows the pro- 
portion for this particular problem giving 
an answer of 28 knots. 


Airplot on Wind Side of Computer. Plot- 
ting air vectors on the wind side of the com- 
puter and obtaining a resultant air vector 
is exactly the same as the method used in 
obtaining a vector average of winds. 
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Wind Speed is 28 Knots 


Usually when plotting air vectors on the 
grid of the computer, the navigator will find 
that he must cut the air miles in half or 
even more in order to get them all on the 
computer. This increases the chance for 
errors, sO an easier and quicker way has 
been set up. Instead of plotting air miles, 
the navigator plots minutes; in other words, 
time is plotted as the magnitude of the vec- 
tor. The problem for the mission under dis- 
cussion is solved as follows. 


1. Using the grid side of the wind slide, 
set the first TH (086°) under the index. 
Draw down from the grommet a vector of 
seven representing minutes on the first 
heading. 


2. Set the second TH (040°) under the 
index. Adjust the slide so that the head of 
the first vector is on the zero grid line. 
Draw down from the head of the first vec- 
tor, a second line representing 8 minutes on 
the second heading. 


3. Set the third TH (014°) under the 
index. Adjust the slide so that the head of 
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the second vector is on the zero grid line 
and draw the third vector for four minutes. 


4. Set the fourth and last TH (065°) un- 
der the index, adjust the slide so the head 
of the third vector is on the zero grid line. 
Draw a vector down from the head of the 
third vector for five and one-half minutes 
which represents the time on the fourth 
heading. 


5. Set the slide so that the grommet is 
again on the zero grid line. 


6. Turn the compass rose so that the 
head of the fourth and last vector is on the 
center line directly below the grommet. The 
direction under the index (055) is the re- 
sultant TH for the entire time of the prob- 
lem. 


7. Count the total minutes from the 
grommet to the head of the last vector. 
This time (22 minutes) is then set up on 
the slide rule side of the computer with 
average TAS during the entire period of 
airplot to obtain the air miles for the length 
of the resultant air vector. At an average 
TAS of 221 knots for the 22 minutes, the 
aircraft traveled 81 nautical miles. 


If extremely frequent heading changes 
and thus short periods of time are antici- 
pated or encountered, the navigator would 
be wise to use the computer to follow the 
aircraft by airplot. It is faster and, if care 
is taken in plotting the vectors, the com- 
puter method is nearly as accurate as plot- 
ting the individual vectors on the chart. 
Theoretically either method will yield the 
same results, but the small scale of the grid 
prevents equal accuracy. The navigator on 
the sample mission being demonstrated 
found that the resultant air vector of 055° 
and 81 air miles gave an air position only 
one-half mile away from the one plotted on 
the chart. 

The navigator, in logging the airplot-in- 
formation, drew an extra line at each alter 
heading to help keep himself straight. He 
also underlined the time at which he started 
and at which he stopped airplot. He could 
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Flight Record (£) 


have made a notation in the general obser- 
vation column, or used some other method 
of keeping the times and alter headings 
from becoming confusing. 


ALTER HEADING DESTINATION. The navi- 
gator decided he would alter into destina- 
tion at 1155. With the information he had 
determined at the 114714 fix, he obtained a 
DR position for 1155. By assuming that the 
aircraft would stay on the same heading and 
airspeed until that time, the navigator was 
able to work out a track and groundspeed 
using the airplot wind obtained at 114714. 
He found that he would fly a distance of 
31 nautical miles in seven and one-half min- 
utes on a track of 063°. He logged this in- 
formation (Flight Record (E)) and then 
plotted it on the chart (see WAC Chart). 


The computation of a new MH and an 
ETA to destination (Turner AFB) from the 
1155 DR position is very similar to a pre- 
flight problem. The navigator measured the 
true course and distance between the two 
positions and logged it in his second 1155 
line. Again assuming an indicated airspeed 
of 190 knots, altitude of 9000 feet, and tem- 
perature of +5°, he computed a TAS of 221 
knots. With the latest wind (the airplot 
wind) he was able to quickly find a drift 


correction and groundspeed, and to work 
from TC to MH by applying the DC to get 
TH and applying variation to obtain MH. 
The ETA again was figured with the 
groundspeed which the airplot wind indi- 
cated he would make good on the new TH. 


MAP READING AS AN AID TO DR. As had 
been forecast, the undercast is now becom- 
ing scattered to clear. The navigator de- 
cides to do map reading the rest of the way 
into destination. At 1157, two minutes after 
the alter heading, the navigator obtains a 
fix over a bend in the road NNW of 
Greenville. 

At 120814 another fix is obtained on a 
railroad 4 nautical ‘miles southeast of Banks 
(see Map Reading). This fix indicated to 
the navigator that his airplot wind is not 
holding up. So he computed an indicated GS 
from the 1157 fix, and an ETA to a new 
check point at Edison for 1223144 (Flight 
Record (F)). 

At 1224 the aircraft is directly over Edi- 
son. At this time the pilot informs the navi- 
gator that Air Traffic Control is diverting 
them to Graham Air Base at Marianna in 
northeast Florida. The navigator recalls 
from his flight planning that the restricted 
area in which Graham Air Base is located 





Flight Record (F) 


4-80 








AF MANUAL 51-40 VOL 1 15 OCTOBER 1959 


wis b\ SE, Saat 7 robe 7 ae te 





Map Reading 


does not extend below 20,000 feet. There- 
fore, he can enter this area at the present 
altitude. 


The navigator plans to alter course to the 
new destination at 1229. He measures the 
track between the 1157 fix and the 1224 fix, 
computes a GS from the time and distance 
between the two fixes, and with the average 


TH and TAS, computes a new wind. Then 
he again obtains a DR position ahead of the 
aircraft as he did back at 1155. The pro- 
cedure for altering course into the new des- 
tination is exactly the same as that followed 
to alter heading into Turner AFB at Albany, 
Georgia, at 1155. The log procedure is shown 
in Flight Record (G). 
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At 1229 the aircraft is altered to a new 
MH of 223° with an ETA to Graham Air 
Base for 1246. At 1246 the aircraft is over 
Graham Air Base. 

This log and chart does not show any 
navigation entries between 1229 and 1246, 
but in actual practice the navigator would 
continue to keep track and make any alter- 
ations necessary to arrive over destination. 
Probably a descent on course would also be 
performed. The explanation for the DOC is 
given in the chapter on Operational Tech- 
niques and Equipment. 


Summary 


There are many ways of handling log and 
chart procedures and of using dead reckon- 
ing techniques. In many cases the navigator 
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will use his own choice as to logging airplot, 
for instance. In other units, the command or 
the wing will establish standard operating 
procedures. 

However, throughout the Air Force, the 
navigators use the same terminology and 
the same symbols. Whether you are in 
MATS, SAC, TAC, or ATC you should keep 
a log and chart with enough accurate en- 
tries so that another navigator can take 
over at any time and complete the mission. 
The entries should also be complete enough 
so that the track of the aircraft can be re- 
constructed from the log. 

Good discipline in keeping an adequate 
log and chart contributes to the overall effi- 
ciency of every navigator, and helps assure 
more signatures at the end of the mission 
certifying “log closed—mission completed.” 


Pressure 


Chapter 


Differential Techniques 


INTRODUCTION 


Pressure differential flying, previously known 
as pressure pattern flying, involves a number of 
techniques, all of which have one common fea- 
ture; they are designed to make maximum use 
of forecast and inflight information relative to 
the pressure field at the cruising level of the air- 
craft. Since pressure information is more easily 
obtained during flight than wind information, 
and since it is also more accurately forecast than 
wind information, pressure differential tech- 
niques, where applicable, tend to be simpler and 
more accurate than other aids to navigation. 

Pressure pattern may be applied on the ground 
during preflight planning or in the air as an 
additional aid to position finding. Its use in pre- 
flight planning does not imply that it must be 
used in the air during the mission; conversely, it 
may be used inflight even when the planning has 
been done by other methods. It may, of course, 
be used in both phases when desirable. 


When used in the air, pressure pattern tech- 
niques make available two aids to navigation: 
Bellamy drift and the pressure line of position 
(PLOP). Both are obtained by substituting cer- 
tain inflight information into a basic formula— 
neither requires any visual reference, special 
equipment, nor ground equipment. _ 

Bellamy drift supplies net drift over a past 
period and, hence, information as to the track 
of the aircraft. It is most useful over water, and 
particularly during poor visibility and when 


radio aids are not available. The PLOP is a line 
of position as valid as any other type of LOP 
and considerably easier to obtain under. difficult 
flight conditions. It can be combined with 
another type of LOP for a fix, and can be used 
to find MPP’s. It is advanced and retarded by 
the usual methods. 


In the preflight application, pressure pattern 
techniques are used in planning single heading 
flights (SHF) and minimal flight paths. The SHF 
has as its main object the minimizing of the 
navigator’s work in the air, since it is exactly 
what the name implies: a flight employing only 
one true heading for the whole route. Although 
he must use normal fixing procedures to deter- 
mine inflight position, the navigator can be 
reasonably certain that the precomputed single 
heading, with no alteration, will take him close 
to destination. In general, the track will auto- 
matically tend to fall in the zones of favorable 
winds, since a minimum of drift correction 
(crabbing into the wind) is done. However, it 
must be remembered that the SHF is only 
applicable to flights of relatively short duration, 
and the actual ground track is not accurately 
known in advance. 


The minimal flight path is a further refinement 
of the SHF and is intended to save flying time. 
As its name indicates, it is the shortest time- 
route between two points. By pressure differen- 
tial computations, that ground track is found 
which will take the aircraft through the areas of 
most favorable winds. The procedure is compli- 
cated since the value of higher ground speeds 
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must be weighed against the disadvantage of 
having to fly longer distances. A compromise 
must be found which will be most advantageous 
from the standpoint of time. Once this shortest 
time-route has been found, it is followed by any 
available means of navigation. This method is 
efficient and economical, but the flight plan must 
be followed exactly. Large deviations from the 
flight plan will not only cancel the calculated 
benefit, but may even result in a loss of time. 


Recently a series of improvements in flight 
planning and enroute navigation using pressure 
differential techniques have been grouped under 
the heading of optimum flight planning. This 
system, more commonly known as 4-D flight 
planning, will be discussed later in this chapter. 


HISTORY OF PRESSURE DIFFERENTIAL 
TECHNIQUES 


In the 19380’s, the early scheduled commercial 
flights across the Atlantic and Pacific used air- 
craft whose performance was so marginal that 
it was difficult, if not impossible, on many occa- 
sions to conduct a flight unless the aircraft was 
routed so as to take advantage of the wind cir- 
culation around highs and lows. These aircraft 
had a cruising speed of 90 to 125 knots. Fre- 
quently the aircraft was routed several hundred 
miles away from the great circle course in order 
to pass on the favorable sides of large low 
pressure areas. 


On more than one occasion on the San Fran- 
cisco-Honolulu hop it was necessary to send the 
plane to Los Angeles for refueling, then south of 
the route from Los Angeles to Honolulu into the 
subtropical high pressure area, and then into 
Honolulu—all in order to avoid a deep low cen- 
tered above the San Francisco-Honolulu route. 
These attempts were made not so much to save 
time, but to make the flight possible. These pro- 
cedures involved the very same principles that 
the early navigators used in sailing between the 
Old and the New Worlds. In fact, in order to 
maintain the schedule to Europe during the 
winter months, it was necessary to fly from New 


5-2 


York to Lisbon, taking advantage of the wester- 
lies, then down the African coast and across the 
South Atlantic to South America, and finally 
back up the South American coastline through 
the West Indies to New York. During the sum- 
mer months it was possible to fly the North 
Atlantic, making a stop in Newfoundland both 
ways, with these old flying boats. However, it 
was frequently necessary to route the aircraft 
around deep low pressure areas in order to avoid 
costly turn-arounds en route and to maintain 
scheduled service with reasonable payloads. 
These were the first attempts at what was later 
called ‘‘pressure pattern flying.” 


In 1931 Zermelo, Levi Civita, and Von Mises 
each gave a mathematical solution for the prob- 
lem of determining that path in the atmosphere 
which is traversed in the least time. In the same 
year, Frank described the analogy between this 
problem and Fermat’s principles of least time. 
These early solutions are not applicable in actual 
flight operations, but they provide a starting 
point for the development of usable techniques. 


In 1943, after considerable experimental work 
with the Air Force, Dr. John C. Bellamy de- 
veloped a procedure for determining a close 
approximation to the beamwind component 
using the geostrophic assumption and pressure 
measurements made at the aircraft’s altitude 
with radio and pressure altimeters. 


Subsequently, in 1944, Mr. Thomas L. 
Burkett, using the-geostrophic assumption, de- 
veloped a system for obtaining an approximate 
flight path by measuring the pressure gradient 
normal to the track on the prognostic weather 
chart. By use of a composite prognostic chart, 
a three-dimensional representation of the wind 
field at a given altitude was developed and, by 
a combination of these methods, a fairly practi- 
cal system of optimum flight planning was 
achieved. : 

During the summer of 1944, this method of 
flight planning and navigation was tested be- 
tween Newfoundland and northern Ireland on 
several hundred flights operated under a Navy 
contract using PB2Y3R fiying boats. Two con- 
tract operators were flying this route, using the 
same type aircraft, cruise control procedures, 








and operating limits. One operator used optimum 
navigation and flight planning; the other, stand- 
ard navigation procedures. The contract opera- 
tor using the approximate optimum flight 
planning procedures invariably averaged 10 
percent more payload per month per aircraft 
than the other operator, whose practice was to 
dispatch on the great circle or rhumb line route. 
In addition, more reliable forecasts were enjoyed 
on the optimum routes, as well as better weather. 


In 1945, Messrs. Bolton, Lambach, and Mans- 
field, TWA navigators, developed a method for 
single heading flight. There have been many 
further developments of this type of flying, 
most of which are applicable to certain special 
missions where limited weather data are avail- 
able or the particular wind field is not changing 
rapidly. 

In 1947, Dr. D. T. Perkins applied the prin- 
ciples of the wave front theory to minimal flight, 
the same idea being proposed independently by 
Bessemoulin and Pone in France. During the 
period 1947-1949, the Air Weather Service, 
recognizing the importance of a practical solu- 
tion for minimizing flight time, obtained the co- 
operation of the Military Air Transport Service 
in conducting tests of several minimal flight 
techniques in the Pacific and Atlantic Ocean 
areas. As a result of this project, the use of the 
single drift correction and tailwind shear meth- 
ods were selected to satisfy the requirements of 
long-range military flights. However, later in 
1954, the tailwind shear system was abandoned 
after the adoption of the wave front method 
which appears to be a better and more rapid 
solution of the flight planning problem. 


The theories of Bessemoulin and Pone were 
extended by De Jong and Bik during this same 
period. In 1953 these authors published a paper 
entitled “The Minimum Flight Path” in which 
a system of time-front navigation is developed. 
This system was then utilized by KLM navi- 
gators. 


During 1954 experimental work by Cook Re- 
search Laboratories and personnel of MATS, 
Atlantic Division, resulted in the development 
of a four-dimensional (4-D) forecast represen- 
tation, an hourly time-front computer, and a 
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method of flight planning by use of time fronts 
which shows promise of even further improve- 
ment. The 4-D chart was developed at Westover 
Air Force Base by Lt. Colonel Frank Arietta 
and Mr. Thomas L. Burkett. The Cook Hourly 
Time-Front Computer was developed by Mr. 
Burkett for use with the 4-D chart. Navigation 
techniques of reanalyzing the forecast and re- 
planning in flight were also developed. 


This project has advanced to such a stage that 
it has been deemed advisable to instruct navi- 
gators in the tried and proved techniques and 
procedures developed under this contract, and 
to continue to develop the system during the 
next few years through operational testing and 
modification, so that the Air Force may achieve 
a fully integrated system of optimum flight 
planning which will yield at least a 10 percent 
increase in efficiency and effectiveness. This 
appears to be a very reasonable goal in view of 
the aforementioned test in 1944. 


In addition, further developments are antici- 
pated which will integrate cruise control pro- 
cedures and the selection of optimum altitudes 
into the flight planning procedures set forth in 
this manual. Preliminary tests indicate these 
procedures are applicable to jet stream naviga- 
tion, particularly at altitudes below 35,000 feet 
and with some modifications above that altitude. 


CONSTANT PRESSURE SURFACE 


Pressure differential navigation is based on 
the meteorological formula for the geostrophic 
wind, modified for flying a constant pressure 
surface. The constant pressure surface is one on 
which the pressure is the same everywhere, al- 
though its height above sea level may vary from 
point to point as shown in the illustration. It is 
a surface on which a constant reading will be 
indicated on the pressure altimeter. 


This surface is shown by the constant pressure 
chart on which lines are drawn connecting points 
of equal height above sea level. These lines have 
the same significance as contour lines on maps 
of land areas, and hence, they are also termed 
contours. 
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An aircraft flying with a constant indication 
on the pressure altimeter will automatically 
follow the configuration of the constant pressure 
surface, and in so doing, will change its true 
height as the contours change. 

Areas where the constant pressure surface 
forms troughs are termed lows, and areas where 
the constant pressure surface is peaked are 
termed highs. These configurations correspond to 
the highs and lows of the familiar surface chart 
and their circulation follows the same familiar 
patterns. Intersections of a plane parallel to 
mean sea level by constant pressure surfaces 
form isobars, and intersections of a constant 
pressure surface by planes parallel to mean sea 
level form contours (analogous to geographic 
contours). A comparison of isobars and con- 
tours is shown. Therefore, by definition, the 
geostrophic wind will blow along the contours 
of a constant pressure chart just as it blows 
along the isobars of a constant level chart. 
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Constant Pressure Charts 


In the application of pressure differential 
techniques, it is advisable to use the constant 
pressure charts described above, rather than 
constant level charts, for the following reasons. 
Since aircraft maintain altitude by means of the 
pressure altimeter, they actually fly a constant 
pressure surface (provided the altimeter is not 
changed in flight). 

The geostrophic wind formula for a constant 
pressure surface contains fewer variables than 
the formula for a constant true level and is, 
therefore, easier to solve. (The formula for a 
constant true level contains a complex density 
change term, which is not required when the 
pressure, and hence the density, does not 
change). 


LEVELS OF CONSTRUCTION. Constant pres- 
sure charts are constructed for the six standard 
pressure levels listed below. 


850 millibars 4,780 feet 
700 millibars 9,880 feet 
500 millibars 18,280 feet 
300 millibars 30,060 feet 
200 millibars 38,660 feet 
150 millibars 44,680 feet 


TIMES OF CONSTRUCTION. The upper air 
data for selected ‘‘standard”’ pressure levels are 
plotted on charts and analyzed. Each chart 
shows the distribution of wind, temperature, and 
moisture at the time of the observation for a 
specific pressure level. The raw weather data 
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used in the construction of constant pressur2 
charts is obtained from upper air observations. 
They are prepared by the National Weather 
Advisory Center and forecast centers, and trans- 
mitted via facsimile every twelve hours (0000Z 
and 1200Z). Surface synoptic charts are pre- 
pared from 0000Z, 0600Z, 1200Z and 1800Z 
observations. (Z indicates Greenwich mean 
time.) 

CHART SYMBOLS. The illustration shows the 
plotting model used on constant pressure charts. 
The wind speeds and directions are plotted in the 
same manner as those on surface charts with the 
following exceptions: (1) when the plotted wind 
is for the specific pressure level, the wind shaft 
is continued through the station circle and 
terminated as an arrow; (2) when the wind is 
for a level near the constant pressure level, the 
wind shaft is terminated at the station circle. 
Heights are plotted in thousands, hundreds, and 
tens of feet. The plotting model in the illustra- 
tion was taken from a 700-mb (millibar) chart. 
Notice that the height ‘‘015” is a height of 
10,150 feet. Temperature and dew point are 
plotted to the nearest whole degree centigrade. 

The continuous solid lines shown on Constant 
Pressure Charts are the contours. These contours 
are labeled in tens of thousands, thousands, and 
hundreds of feet (e.g. the 5,100-foot contour on 
an 850-mb chart is labeled 051 and the 19,200 
foot height line on a 500-mb chart is labeled 192). 
Height lines are usually drawn for 200-foot in- 
tervals but can be drawn for 100, 400, ete. Two 
general rules that can safely be used for flight 
planning purposes are: (1) the winds blow 


HEIGHT OF 


015 (hhh) 


INDICATES WIND FOR 


PRESSURE LEVEL 


Plotting Model for Upper Level Charts 
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700 MB Constant Pressure Chart 


parallel to the contours with the low pressure 
to the left and the high pressure to the right; 
and (2) the speed of the wind is inversely pro- 
portional to the spacing of the contours. 

The dashed lines are isotherms (lines connect- 
ing points of equal temperature value). They are 
normally drawn for 5°C intervals. Isotherms are 
usually colored in red by personnel at field 
weather stations for easy identification. 


The dotted lines on an 850-mb chart are dew 
point lines or isodrosotherms (lines connecting 
points of equal dew point temperature value). 
Dew point lines are given for intervals of 10°C 
and colored in green at weather stations. The 
850-mb charts are presently the only facsimile 
charts transmitted by NWAC with dew point 
lines indicated. The field weather stations have 
the option of drawing dew point lines on all 
facsimiles received or on locally prepared con- 
stant pressure charts. 
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Isotachs (lines connecting points of equal wind 
speeds) are the dotted lines drawn on 300-, 200-, 
and 150-mb charts. These lines are labeled in 
knots. 


The positions of fronts are indicated in the 
same symbolic manner as on surface charts, 
provided the front extends up to the pressure 
level. Fronts are displaced toward the cold air 
on constant pressure charts due to the frontal 
slope. Heavy, disconnected lines (extra long 
dashes) customarily colored in brown at weather 
stations are used to indicate lines of low pressure 
(trough lines). 

The axis of the zone of maximum wind speed, 
sometimes called the axis of the jet stream is in- 
dicated by a heavy continuous dark line which 
terminates as an arrow. This arrow is not neces- 
sarily parallel to the contour lines. Jet stream 
axes are indicated on 300-, 200-, and 150-mb 
charts. 
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500 MB Constant Pressure Chart 


Uses. Constant pressure charts have many 
uses. They may be used to obtain such informa- 
tion as wind speed and direction; flight tem- 
peratures and freezing levels; the intensity, 
speed, and direction of frontal and pressure 
systems; and areas of icing, turbulence, and 
thunderstorms. They are also used in flight 


planning techniques. 


The Geostrophic Wind 


The explanations of Chapter One have shown 
that the atmosphere will try to regain a balanced 
condition whenever any disturbing influences 
are exerted upon it. Thus, as the sun’s energy 
acts to bring about an unequal distribution of 
air mass over the earth’s surface, the atmosphere 
reacts to restore the equal distribution of that 
air mass. Since the sun’s rays are continuously 
affecting the atmosphere, the state of equilibrium 
is never reached and atmospheric mass is always 
unequally distributed over the earth. Atmos- 
pheric pressure, therefore, will vary from point 


to point at the surface depending on the mass of 
air above the area considered. The difference in 
pressure per unit distance is known as the 
pressure gradient or more commonly as the slope 
of the pressure field. 


The Aerology chapter also explained how 
pressure gradient force and Coriolis combine to 
produce the geostrophic wind. It pointed out 
that the geostrophic wind assumed straight and 
parallel contours and that it exists above the 
level of earth-created friction. If centrifugal force 
due to curved contours is considered, the re- 
sultant wind is called the gradient wind. 

The following facts about the geostrophic 
wind must be understood before the derivation 
of the pressure differential formula can be 
understood. 

The speed of the geostrophic wind is in- 
versely proportional to the spacing of the 
contours. Closely spaced contours form a 
steep slope (higher gradient) and produce a 
stronger wind. Widely spaced contours pro- 
duce relatively weak winds. 
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The direction of the geostrophic wind is along 
the contours and in the direction dictated by 
Buys Ballot’s law. That is, when an observer in 
the Northern Hemisphere stands with his back 


to the wind, the lower pressure will be on his 
left and the higher pressure on his right. 


At altitudes above approximately 3000 feet 
and at all latitudes except those between 20°N 
and 20°S, the geostrophic wind can be assumed 
to be a close approximation of the actual wind. 


Derivation of the ZN Formula 


Consider an aircraft flying from point A 
through point B to point C on a constant pres- 
sure surface represented by the 700-mb Constant 
Pressure Chart. If the aircraft flies a constant 
pressure altitude it will experience the height 
changes shown in the next illustration. The 
change in true altitude can be determined by the 
radio altimeter (SCR-718) which, over water, 
gives a direct indication of true altitude (height 
above sea level). The height change is a direct 
indication of the slope or gradient experienced 
by the aircraft. A simple formula has been de- 
vised with which the navigator can convert 
slope into crosswind displacement. 


Des . 


N\- 
ae rehome 1 0) icol iio, 000 a 
45 


\s PA 
—@ Ci er ‘oeos 10,000 
ipa 


Sane 110,000 


A 


> 
op Glen Ge Ge ee ee ee ee ee es a a a ee 


“$3 
KS 


29.92 


~ 
> 
<= 


EVEL 


RA 
ota | coo ercasce 
RA PA | 
10,000 3 410,000 EF. eo 
RA * ipa 
9,800 ! 110,000 


30.22 


29.62 
ADAARIR 


eeeeres 


29.92 


Aircraft will Experience Height Changes 
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The Steeper the Slope, the Higher the Geostrophic Windspeed 


8200 FT CONTOUR 
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ZN, ZP, Z. The next illustration shows an 
aircraft flying on a constant pressure surface 
(constant reading on the pressure altimeter) in 
the direction of maximum slope; that is, directly 
up or down the slope. The steeper the slope (the 
closer the contours), the greater is the geo- 
strophic wind speed, and consequently the 
greater the crosswind displacement of the air- 
craft. For a given slope, a decrease in true air- 
speed will cause more time to be spent between 
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the contours and will result in a greater cross- 
wind displacement (ZN). 

Therefore, it can be seen that when a flight 
is made across the contours, crosswind displace- 
ment is directly proportional to the contour 
gradient, which equals the slope experienced by 
the aircraft. 

If an aircraft flies parallel to the contours, it 
will encounter no height difference of the pres- 
sure surface. It will experience no crosswind 


CONTOUR 


HEADING —. 
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Z = Zp + ZN (vectorially) = TOTAL GEOSTROPHIC WIND DISPLACEMENT 


ZN = DISTANCE BLOWN NORMAL OR PERPENDICULAR TO THE HEADING (CROSSWIND DISPLACEMENT) 


Zp = DISTANCE BLOWN PARALLEL TO THE HEADING (HEAD- OR TAIL-WIND EFFECT) 





Crosswind Displacement 
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displacement, although it will encounter a head 
or tailwind component (Zp). 

The illustration shows that regardless of the 
heading of the aircraft, ZN is proportional to the 
slope experienced as measured along the flight 
path of the aircraft. The entire wind effect (Z) 
is proportional to the slope measured perpen- 
dicular to the contours. 


ZN EQUATION. The meteorologist’s equation 
for geostrophic wind (simplified to apply to 
constant pressure) is the basis for the pressure 
differential equation. It expresses mathemati- 
cally that the geostrophic windspeed (V) is the 
product of pressure gradient force (Slope) and a 
Coriolis factor (K): 

(1) Basic Equation V =K xSlope 

The constant (K) has been determined by tak- 
ing into account the values of the Coriolis con- 
stant and the gravity constant for particular 
latitudes. It is put in tabular form for the con- 
venience of the navigator. In the K-Factors 
Table, this constant is plotted against latitude 
since Coriolis force varies with latitude. In using 
the ZN formula, the K-Factors Table is entered 
with midlatitude and the corresponding K is 
extracted. 


K-Factor Table 





Slope is properly expressed by vertical and 
horizontal displacement in the same units; how- 
ever, the navigator expresses horizontal dis- 
placement in nautical miles and vertical 
displacement in feet. The K-factor has been 
adjusted by a factor so that, with slope expressed 
in feet and distance in nautical miles, the geo- 
strophic wind speed is computed in knots. Thus, 
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the K-factor cannot be used with statute miles 
to solve for the geostrophic wind in statute 
miles per hour. 

The basic equation (1) can be modified to 
give Z (total geostrophic wind effect) directly by 
the inclusion of a time factor because Rate 
multiplied by Time equals Distance. Thus, if 
V equals geostrophic wind speed, then VT equals 
Z, or distance displaced, during the given time 
(T) and the formula becomes: 


(2) Modified Equation VT =Z =(K xSlope) T 


Although the navigator cannot, in flight, de- 
termine the slope between contours, he can 
measure the slope experienced by his aircraft 
with the radar altimeter. Earlier it was demon- 
strated that geostrophic drift effect (ZN) varies 
with height difference along the air path of the 
aircraft; therefore, if ‘“‘slope experienced”’ is sub- 
stituted for ‘“‘slope’’ in the formula above, it 
becomes: 


ZN =(K XSlope experienced) T 


This equation expresses the fact shown earlier, 
that the crosswind effect of the geostrophic wind 
is directly proportional to the slope experienced 
by the aircraft. 

It was pointed out previously that slope is the 
difference in altitude of a pressure surface over 
a given distance, measured perpendicular to the 
contours. It is equally true that ‘‘slope experi- 
enced”’ is height difference experienced over a 
given air distance, measured along the heading 
of the aircraft, or: 


. Height Distance Experienced 

Slope Experienced =—————____—__—_ 
i aa lies Air Distance 

The substitution of this in the ZN formula gives: 


(K x Hgt. Diff. Exp.) T 
(Atr Distance) 


but: Air Distance =(TAS) (T) 
so: ZN =(K XHgt. Diff. Exp.) (T)+(TAS) (T) 


Kx Hot. iff. Exp. 
TAS (effective) 


ZN = 


or: ZN = 








PRESSURE LINE OF POSITION (PLOP) 


ZN is the crosswind component of the geo- 
strophic wind expressed in nautical miles. It 
follows that, once ZN is determined, it is possible 
to plot the perpendicular displacement of the 
aircraft from its air path. As illustrated, ZN is 
displacement from the effective air path, line AB. 


__PLoP_ 





PROBABLE POSITION OF AIRCRAFT 


Aircraft is Displaced from Air Path 


Progress parallel to line AB, which is a func- 
tion of unknown component Zp, cannot be de- 
termined. Therefore, it can be said the aircraft 
is at some point removed from line AB by the 
distance ZN. In other words the aircraft is 
located somewhere on a line of position parallel 
to AB. This LOP is the pressure line of position 
or PLOP. 


Direction of Displacement 


Remember that the circulation of the air on 
constant pressure surfaces follows the familiar 
patterns of cyclonic and anticyclonic circula- 
tions. This means that an area of depression 
(low height) of a pressure surface is surrounded 
by a cyclonic circulation of wind, which will flow 
counterclockwise in the Northern Hemisphere 
and clockwise in the Southern Hemisphere. An 
area of greater height of a pressure surface is 
surrounded by an anticyclonic circulation of the 
wind, which will be clockwise in the Northern 
Hemisphere and counterclockwise in the South- 
ern Hemisphere. Accordingly, an increase or 
decrease in the true altitude of an aircraft flying 
on a constant pressure surface may be inter- 
preted as a displacement to the right or left of 
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its heading line. The direction of the displace- 
ment depends on the hemisphere in which the 
aircraft is flying. For instance, if the absolute 
altimeter readings increase in an aircraft flying 
on a constant pressure surface, the aircraft 
must be flying up-slope into an area of greater 
heights. Height difference experienced from 
these increasing readings must be a positive 
quantity, and, if it is substituted in the ZN 
equation, ZN must also be positive. 








CONSTANT PRESSURE 
SURFACE 


DIRECTION OF DRIFT 


PLOP 
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In the Northern Hemisphere an Aircraft 
Flying into a High is Displaced to the Left 
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If this aircraft is flying in the Northern 
Hemisphere, as illustrated, the wind circulation 
is clockwise around the high, and the aircraft is 
displaced to the left of its air path. Therefore, in 
the Northern Hemisphere a positive ZN repre- 
sents a drift to the left, and a PLOP plotted 
from a positive ZN will be drawn to the left of, 
and parallel to, the air path. 

Conversely, if the absolute altimeter readings 
decrease, the aircraft must be flying into an area 
of lower height. These decreasing readings must 
result in a negative height difference, and ZN is 
also negative. 

In this case, assuming again that the aircraft 
is in the Northern Hemisphere, the wind circu- 
lation is counterclockwise around the low. The 
aircraft experiences a displacement to the right 
of the air path. Thus, in the Northern Hemis- 
phere, a negative ZN represents a drift to the 
right, and a PLOP plotted from a negative ZN 
is drawn to the right of, and parallel to, the air 


path. Since a positive drift correction presup- 
poses a left displacement, and a negative drift 
correction presupposes a right displacement, the 
rule may be more simply stated as follows: In the 
Northern Hemisphere, the sign of ZN is the 
sign of drift correction. 

In the Southern Hemisphere, circulation 
around highs and lows is in the opposite direc- 
tion to that in the Northern Hemisphere because 
of the opposite direction of Coriolis effect. There- 
fore, the sign of ZN must be applied with the 
opposite effect. Thus: In the Southern Hemis- 
phere the sign of the drift correction takes the 
opposite sign of the ZN. 


Pressure Surfaces Are Curved 


In general, pressure surfaces are not of the 
plane form used to demonstrate the ZN equa- 
tion, but rather of a curved form resulting from 
varying rates of pressure height change. The 
same principles are applicable. 
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Net Displacement is the Algebraic Sum of the ZN’'s 
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In the accompanying illustration, two adjacent 
wedges of air have equal but opposite slopes. 


An aircraft flying from one wedge surface onto 
the other has two ZN effects, and the net dis- 
placement from the effective air path is the 
algebraic sum of the two ZN’s. But ZN is always 
proportional to height difference, and therefore, 
the net ZN is directly proportional to net height 
difference. The logical development of this argu- 
ment is that the ZN equation is valid for an 
aircraft flying along a curved pressure surface. 


Thus, the ZN value derived by the equation 
is the integrated displacement from an aircraft’s 
heading line. In this respect, pressure LOP 
information, since it gives the net crosswind 


INCORRECT 
H,—H, = —100 FT 
INDICATES FLYING INTO A 
LOW PRESSURE AREA WHEN 
AIRCRAFT IS ACTUALLY FLYING 
INTO A HIGH PRESSURE AREA 
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effect, is superior to that provided by isolated 
visual drifts. 


Plop Techniques in Flight 


Sea level has been used in the next illustration 
as the constant level datum from which heights 
have been obtained. However, any known con- 
stant level may be used. In general, pressure 
differential techniques are most practical on 
overwater flights, where readings from the radio 
altimeter will show any change in true altitude. 

So far in this discussion, pressure differential 
flying has been considered from a theoretical 
standpoint; certain factors have been used which 
are effective and correct mathematically, but 
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which are impractical for use in the air. For in- 
stance, H.—H:, which has been used to indicate 
the slope experienced by the aircraft, is correct 
if you assume that the aircraft has continued to 
fly exactly on the selected pressure surface. For 
a number of reasons, however, aircraft do not 
remain exactly at the same pressure altitude. 
Readings from the absolute altimeter show a 
change in true altitude, but may not show the 
slope of the pressure surface experienced by the 
aircraft. This can be seen by referring to the 
illustration. 

A method of comparison between true altitude 
and pressure altitude is necessary so that com- 
pensations may be made for transient departures 
from the constant pressure surface. 

Thus, in flight, D,—D, 18 used to express a 
change tn height of the pressure surface. Particular 
attention must be paid to the signs of D,, Ds, 
and D.—D,; they determine the sign of ZN, 
which, in turn, determines the direction of dis- 
placement from the effective air path. Readings 
of the radio and pressure altimeters (in that 
order) are taken as nearly simultaneously as 
possible and substituted in the following equa- 
tion: 


Difference = Absolute Altitude (True Altitude) 
— Pressure Altitude 


It should be stressed that the absolute altim- 
eter must be read before the pressure altimeter 
for two reasons: (1) Since some time elapses 
between observations of the instruments, and 
since there is some lag in the pressure altimeter, 
the readings will tend to have a more nearly 
simultaneous effect if the order of the equation 
is followed, and (2) in addition, readings taken 
in this order will automatically be in the sense 
of the equation: 


D=TA—PA 


Gentle tapping of the pressure altimeter dur- 
ing the reading will help reduce inaccuracies 
produced by altimeter lag. 

To avoid random observation errors, single 
comparisons should never be used. Experience 
has shown that considerable accuracy may be 
expected of a sounding composed of the average 
of four sets of readings. These readings should 
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be taken over a total time span of from 30 to 
120 seconds, and the time of the soundings 
should be the midtime of the readings. 


An average D-value is obtained as follows: 


True Pressure 
Time Altitude — Altitude Di 
Start : ; ; 
0810 18680’ — 18945 — 265 
18695’ — 18930’ — 235’ 
18670’ — 18920’ — 250’ 
Finish 
0812 





—1000’ +4 = —250’ 
Result: At 0811, D, = —250 feet. 


Although it might seem easier to average the 
altitudes and find only one difference, the meth- 
od used above for determining four individual 
differences is more advisable. It will readily 
show isolated discrepancies in readings and is 
consequently considered standard. For example, 
in the following series of differences: 

+810 +795 +705 +815 

the third observation is obviously in error 
(probably by 100 feet, since 805 would fit in 
with the other differences). The proper pro- 
cedure here would be to discard the erroneous 
reading and use the average of the other three. 
The good rule to follow is: If any D-value varies 
by 40 feet or more from the average of the other 
readings, discard it and average the remaining 
values. 

Since height differences in flight are obtained 
by use of comparative values rather than by the 
use of actual altitudes, it follows that constant 
errors in the radio and pressure altimeters will 
have no effect on the accuracy of the ZN ob- 
tained. Therefore, the pressure altimeter setting 
should not be changed after the first D-reading 
has been obtained. But, because of electrical 
drifting as the radio altimeter heats, the ref- 
erence blip of this altimeter will move very 
slightly. This will cause D-readings to be in- 





accurate. To eliminate this error, reposition the 
reference blip to tts position at the time the first 
D-reading was obtained before taking subsequent 
D-readings. 

EFFECTIVE AIR PATH. It should be evident 
by now that ZN is derived from the elements 
of the vertical air triangle. As shown in the 
illustration, the ZN can be derived by a con- 
sideration of the vertical triangle ABB'. The 
height difference is BB', and the effective air 
path travelled is represented by the straight line 
joining A and B. Thus, to solve for ZN, enter 
the ZN equation with effective true airspeed 
(ETAS); that is, the true airspeed required to 
travel directly between the two air positions in 
the elapsed time. 

Effective TAS = 28 
Time 

An aircraft following a twisted air path which 
is twice as long as the direct path between two 
air positions will take twice as long en route; 
therefore, it will be exposed to the geostrophic 
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EAP is the Straightline Distance 
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To Solve for ZN, use Effective TAS 


wind for twice the time. Consequently, ZN will 
be twice as large. The value of ZN is obtained 
by entering the equation with the denominator of 
effective true airspeed, or the straightline dis- 
tance between the two points divided by the 
elapsed time. 


Thus, if an aircraft flying a true airspeed of 
200 knots flew between two air positions 258 
nautical miles apart (as illustrated) in two 
hours, the effective true airspeed would be 
129 knots. 


0920 


= 


EAD—258 
ETAS—129 D2 


Se pres 
Dy; 
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Since ZN is a displacement value derived 
from soundings at two air positions, it is the 
displacement from the straightline air path 
between the soundings. Therefore, the PLOP 
must be drawn parallel to the effective air 
path (line AB). ETAS=straightline distance 
between soundings divided by time between 
soundings. 





—— = Eff. TAS 
T 


Divide the Straightline Distance by Time 


For example, an aircraft is flying a constant 
heading (straightline air path) at a true airspeed 
of 175 knots, pressure altitude is 12,000 feet, 
and the midlatitude is 38°N. (Note that when 
a constant heading is flown, the true airspeed 
equals the effective true airspeed.) If at 1000 
hours H, is 12,140 feet, and at 1100 hours H; is 
11,970 feet, then: 


_ K(H:—H,) 


Z 
_ ETAS 


(K is found against midlatitude in the K-Factor 
table; H.—H, is determined by reference to the 
absolute altimeter; and true airspeed is found in 
the usual manner. ) 


_ 95 (11,970 —12,140) 
175 


ZN 


ZN =84 nm 


The aircraft is going downhill, or into a low 
(Northern Hemisphere counterclockwise flow of 
air). Therefore the aircraft is displaced to the 
right, and the PLOP is plotted as shown in 
Right Drift is Experienced. 

REFINEMENTS. The PLOP is an invaluable 
aid, since it can frequently be used when no other 
aids are available. It does not depend upon 
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DIRECTION 
OF DRIFT 


ZN= —34 NM 


1100 PLOP 


Right Drift is Experienced 


sources outside the aircraft and is not in any 
way affected by visibility. 
The ZN equation 


K (D:—Dy) 


ZN = 
» ETAS 


can be rearranged for convenient solution on the 
DR computer as follows: 
ZN D,;-D, 


K  ETAS 


On newer DR computers, such as the MB-4, 
a subscale of latitude has been constructed 
opposite the values for K-factors on the minutes 
scale. A table of K-factors is not needed when 
these computers are used. Printed instructions 
on the face of these computers specify that, to 
compute crosswind component, set air miles 
flown (effective air distance) on the minutes 
scale opposite D,—D, on the miles scale. The 
crosswind component (V,) is not to be confused 
with crosswind displacement (ZN). The cross- 
wind component (V,) is crosswind velocity in 
knots. This component (V,) must then be mul- 
tiplied by the elapsed time between D, and D,, 
in order to compute the crosswind displacement 
(ZN). If effective true airspeed is substituted for 
air miles flown (effective air distance) on the 
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PLOP’s may be Crossed with Sun Lines 


MB-4 computer, the ZN can be read over the 
K-factor (or latitude on the subscale). 


Once a PLOP has been plotted, it may be 
crossed with sun lines, radio bearings, etc., to 
form a fix. In the captioned illustration, a sun 
line was used. It is best to move the sun line, 
radio bearing, or other LOP to the time of the 
PLOP so that the fix will be at the time of the 
last D-value. Airplot should be started at a fix, 
and the fix should be the same time as the D- 
reading. PLOP’s may be used in finding most 
probable positions (MPP) in the same manner 
in which sunlines are used. The accuracy of a 
PLOP is about the same as the accuracy of a 
celestial LOP, but it is dependent upon the 
accuracy of the air position. 

It has been stated that, for pressure differential 
purposes, the airplot must start at a known 
position at the time of the first sounding to be 
used in the equation. It will not always be 
practical to take a set of altimeter readings at 
the same time that the fix is obtained. Therefore, 


when necessary, the airplot may be started from 
a reliable DR position for the time of a sounding. 
It must be emphasized that the PLOP will be 
inaccurate at least by the amount of any error 
in the DR position. 

FRICTION EFFECT ON PRESSURE DIFFERENTIAL 
FLYING. Effective pressure differential flying 
can be accomplished only when the aircraft is 
flying at an altitude above the friction level. 
Winds affected by friction are no longer geo- 
strophic, and the ZN equation will no longer be 
a true expression of their effect. Although the 
height of this friction level varies with the nature 
of the terrain below, it rarely extends any higher 
than 2000 feet over the average sort of terrain. 
Over rugged mountains, the friction effect will 
extend upward 5000 to 6000 feet above the 
highest peak and maybe higher, depending upon 
the wind flow against the mountain. Brief periods 
of time within the friction layer during a pressure 
differential flight will not materially affect the 
accuracy of the ZN. If an aircraft flies for any 
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prolonged period within the friction layer, the 
pressure differential phase of the flight must be 
restarted from a positive fix position after the 
aircraft has left the area of friction effect. 


Review 


Before going on, the procedure for obtaining 
a PLOP must be thoroughly understood. 


ZN is a displacement in nautical miles perpen- 
dicular to the effective air path. This means that 
airplot must be used and a known position is re- 
quired at the time of D;. 

Determine the D-value by computing readings 
from the radio altimeter with simultaneous read- 
ings from the pressure altimeter, D =TA—PA. 
Use a series of comparisons to aid in picking out 
any erroneous readings. If any D-value varies 
by 40 feet or more from the average of the series, 
discard it and average the remaining values. 
Consistent errors in the altitudes will not effect 
the accuracy of the ZN, but changing the setting 
of either altimeter after the first D-reading will 
cause inaccuracy. The reference blip of the radio 
altimeter should be checked before each reading. 


The ZN is obtained by using the equation 


_ K(D:—D)) 
ETAS 


ZN 






CONSTANT TH = 090° 


BELLAMY DRIFT ANGLE (g° 


which can be rearranged for convenience in us- 
ing the DR computer, 


ZN _Ds-D, 
K ETAS 


Effective true airspeed is determined by using 
the effective air distance and time. Effective air 
distance is measured along a straight line be- 
tween the two points in question. After the 
value of ZN is determined, the PLOP is plotted 
parallel to the effective air path. In the Northern 
Hemisphere, the sign of ZN is the sign of drift 
correction, and in the Southern Hemisphere, the 
sign of ZN is the sign of drift. Once the PLOP is 
plotted, it may be treated like any other LOP. 


BELLAMY DRIFT 


Bellamy drift is a mean drift angle calculated 
for a past period of time. It is named for Dr. 
John Bellamy who first demonstrated that drift 
could be obtained from the use of pressure dif- 
ferential information. Bellamy drift is used in 
the same way as any other drift reading. 

The primary advantage of Bellamy drift is 
its independence from external sources. An 
undercast, overcast, or poor radio transmission 










R) 


Graphical Solution of Bellamy Drift 











will not adversely affect the drift. The accuracy 
of Bellamy drift is comparable to other drifts 
and depends largely on the skill of the navigator. 


Bellamy drift can be determined from a ZN 
ground distance triangle without the interme- 
diate step of the PLOP, but it is easier to under- 
stand if it is constructed graphically using a 
PLOP. 


In the illustration, Graphical Solution of 
Bellamy Drift, a PLOP has been plotted from 
the following information: 


D, at a fix at 1000 

D, at an air position at 1045 
ZN = —20 nm 

Constant TH of 090° 


Next, construct an MPP on the PLOP. This 
is done by swinging an arc, with a radius equal 
to the ground distance traveled, from the fix at 
the first D-reading to intersect the PLOP. The 
ground distance traveled can be found by 
multiplying the best known groundspeed 
(groundspeed by timing, metro groundspeed, 
etc.) by the time interval between readings. The 
mean track is shown by the line joining D, and 
the MPP. The mean drift is the angle between 
true heading and the mean track (8°R). Thus, 
the Bellamy drift is 8° right. a 
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Computer Solution of Bellamy Drift 


Solving the Bellamy drift angle on the DR 
computer is a relatively simple process. The 
center vertical line on the slide represents true 
heading. The ZN must be plotted at right angles 
to the true heading. This can be done by draw- 
ing the ZN vector down from the grommet and 
rotating the transparent face 90°. For con- 
venience, one of the cardinal headings is placed 
under the true index when the ZN is drawn in to 
make it simple to rotate the face through 90°. 


It makes no difference whether the face is 
turned to the right or left, as the sense of the 
drift is not taken from the DR computer. The 
sense is determined by the same considerations 
governing the plotting of the PLOP (D.—D,; 
negative, Northern Hemisphere, drift right). 

The slide is then positioned so that the ground 
distance is under the end of the ZN vector and 
the drift angle is read at the end of the ZN vector. 


Example 


Given: Northern Hemisphere 
ZN =12.1 
Time =0:30 
GS =190K 


Find: Ground Distance =95 nm 
Drift =7° left 
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Computer Solution of Bellamy Drift 
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Derivation of Bellamy Drift Formula 


Bellamy drift may also be determined on the 
slide rule side of the computer. In both of the 
previous methods it was necessary to first de- 
termine the ZN. By definition, ZN is the dis- 
placement from the (effective) air path in 
nautical miles (linear measurement). To find 
drift, all that is necessary is to convert the linear 
displacement to angular displacement. This can 
be done on the slide rule side of the DR com- 
puter by placing the ZN over the ground distance 
and reading the Bellamy drift angle opposite 
57.3 This can be set up in a formula as follows: 


BD ___ZN 
57.3 Ground Dist. nm 
This formula is easily derived. By understand- 


ing the derivation, its limitation becomes 
apparent. 


ZN 
Ground Distance 


sine 1° =.01745 


Sine © (drift angle) = 


Because the sine function of an angle up to 30 
degrees is nearly linear, it is possible to make 
the following statement: 

Drift angle x .01745 =sine of drift angle (for all 
angles under 30°) 


Drift angle X.01745 _ ZN 
1 ~ Ground Distance 
Drift angle (Bellamy drift) _ ZN 
57.3 ~ Ground Distance 


The previous example would be set up on the 
slide rule side of the DR computer as shown in 
Mathematical Solution of Bellamy Drift. The 
answer 7.3 can be read over 57.3 on the minutes 
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Mathematical Solution of Bellamy Drift 
bed 


scale or under the index of the DRIFT CORR 
window. 


Y—Factor Method of Bellamy Drift Correction 


A simple method of determining Bellamy 
drift correction has been devised. This method 
involves the use of Y-factors which are based on 
periods of one hour. These Y-factors have been 
combined into tables or graphs with entering 
arguments of speed and midlatitude for the 
period of the soundings. 

The entering speed argument may be found 
in one of the following ways: 


1. VTAS XGS (theoretical) 


2. TAS+GS (practical) 
2 


3. TAS (if GS is unknown or unreliable) 

A simplified table is shown in Table of Y- 
Factors. A more complete table can be found in 
Volume III. A typical Y-Factor graph is illus- 
trated. Since the Y-factor values are for hourly 
periods, if the time between soundings is more 


or less than one hour, proportional parts of the 
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Table of Y-Factors 
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LATITUDE 


D1. DETERMINE D, 

>2. DETERMINE 
MID-LATITUDE OF 
SOUNDING 





GIVEN: 

D,—D, IS + 700 FT 
MID-LATITUDE IS 67 
TIME INTERVAL IS 0:30 
TAS IS 425k 

GS UNKNOWN 


1. ENTER GRAPH AT 67° 
LATITUDE, DROP TO 
TAS CURVE (425k) AND 
LEFT TO THE 0:30 BAR. 
READ “Y"’ FACTOR OF 
67.5 


. DIVIDE -+-700 FT BY 





D3. DETERMINE TAS GS. - 
THIS MAY BE CONSIDERED 


EQUAL TO THE AVERAGE 
OF TAS AND GS, OR TAS 
iF GS IS UNKNOWN. ‘ 





D4. SELECT TIME INTERVAL 
BETWEEN D VALUES. 

D5. ENTER GRAPH AT 
MID-LAT AND READ 
DOWN TO \/TAS x GS 
CURVE — THEN ACROSS 








67.5 TO OBTAIN 10.3 
LEFT DRIFT. 








RIGHT OR LEFT TO 
TIME-INTERVAL LINE. 

Dé. DIVIDE SOUNDING OF 
D, —D, BY FACTOR FROM - 
TIME LINE. THIS VALUE 
WILL BE THE AMOUNT 
OF DRIFT. 





























Y-Factor Graph 


Y-factor must be used when solving for Bellamy 
drift correction angles. 

The Bellamy draft correction angle may be 
computed by the use of the Y-factor in the 
following steps: 

1. Determine D.—D,. 

2. Find the speed argument by taking the 
average of TAS and GS. Use TAS if GS is 
unknown. 

3. Extract the hourly Y-factor from the table 
at the intersection of the speed argument and 
midlatitude of the effective air path. 

4. Take a proportional part of the hourly 
Y-factor for the time run between D, and D:. 
This may be determined in one step by using 
the graph. 

5. Divide D.—D, by proportional part of 
hourly Y-factor to find the amount of Bellamy 
drift correction. If D.—D, is positive, the cor- 
rection 1s positive in the northern hemisphere. 


Errors and Limitations of Bellamy Drift 


GROUND DISTANCE ERROR. In plotting an 
MPP from a PLOP, an error in ground distance 
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will cause an error in the MPP and, hence, an 
error in the mean track. However, an error in 
the MPP will not substantially effect the accu- 
racy of the drift angle. 


For instance, in the second example above, if 
air distance had been placed under the extremity 
of the ZN line, the resultant drift would have 
been 6 degrees instead of 5 degrees (substitute 
144 air miles for 174 ground miles). The TAS is 
the mean of all possible groundspeeds. Hence, 
if DR groundspeed is unreliable, the recom- 
mended procedure is to use the air distance in 
place of ground distance, since it is better to 
have a slight error in the drift angle than to have 
no drift angle at all. 


Technically, in the solution of the ZN tri- 
angle, the ground distance or substituted air 
distance value should be placed under the ex- 
tremity of the ZN line. However, unless the 
drift is very great, negligible error will result 
from placing the air distance directly under the 
grommet, which is a slightly faster operation. 


TACTICAL LIMITATIONS. Bellamy drift has 
one main limitation. For drift to be determined 
on each leg of a flight by the Bellamy method, 











the heading taken up by the aircraft must be 
maintained long enough to permit a pair of 
soundings with a time separation of at least 20 
minutes. 


Some economy of effort will result if a sound- 
ing is taken immediately before or after a turn. 
This sounding may be used, with negligible 


error, as reference for determining drifts on both | 


legs. Some error will be caused by the difference 
between the height of the constant pressure 
surface at the sounding position and the height 
at the turning point. If not more than a minute 
or two elapses between turn and sounding, how- 
ever, the ZN is unlikely to be in error by more 
than a mile (assuming crosswind is less than 60 
knots), and the effect on drift will be correspond- 
ingly small, especially if TAS is high. 


DIFFERENTIAL FLIGHT PLANNING 


Purpose of Pressure Differential Flight 


Pressure differential flight attempts to make 
optimum use of the tailwind component by 
deviating from the great circle course toward 
regions where the winds are more favorable. It is 
obvious that deviations to the right or left of the 
great circle course can be beneficial only so long 
as the increase in distance flown along the new 
course, which takes advantage of the winds, re- 
mains proportionally less than the increase in 
groundspeed. It would obviously not be wise to 
double the length of the flight course in order to 
Increase groundspeed by one-tenth. It should 
also be pointed out that the minimal flight course 
will not be the same for all aircraft. An aircraft 
with a true airspeed of 350 knots would not 
deviate as far from the great circle course as one 
with a true airspeed of 200 knots under the same 
weather conditions. Single drift correction and 
minimal flight procedures, described in this man- 
ual, are simply mathematical means of approxi- 
mating -how far to the right or left of the great 
circle course the aircraft must fly to make good 
the fastest flight possible between two distant 
terminals. The mathematical calculations are 
based on a relationship between wind velocity 
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and contour gradient in the geostrophic wind 
equation. 

Before the navigator begins his preflight cal- 
culations for a single drift correction flight plan 
between two distant stations, there are many 
purely meteorological considerations which must 
be examined. There are also many operating 
procedures and inflight navigational problems 
that must be considered. 


Initial Weather Considerations 


Terminal weather conditions at the destina- 
tion will often be an important factor in deciding 
the feasibility of any flight and in selecting an 
alternate landing field. Both the probable and 
possible movement of weather systems and local 
conditions must be considered in the terminal 
forecast. Since unfavorable flying conditions are 
usually encountered in frontal areas, the location 
and intensity of all fronts in the area should be 
considered so that severe icing conditions or 
marked turbulence can be avoided. Forecast 
wind conditions in the vicinity of the great circle 
course at various altitudes must be considered. 
Although, theoretically, a minimal flight may 
always be determined between two points, the 
time required for such a flight may still exceed 
the range of the aircraft to be cleared. 

The primary sources from which the weather 
forecaster determines route and terminal weather 
conditions are: the surface charts drawn daily at 
6-hour intervals, the upper air charts prepared 
at 0000 and 1200 GMT, and current Pilot Re- 
ports or POMAR’s. The data plotted on the 
surface chart and that received from pilot de- 
briefings or RECCO reports will identify the 
present locations of fronts, low centers, areas of 
precipitation, or unfavorable flying conditions. 
The upper air charts will give an indication of the 
speed and direction of the wind at flight level. A 
major factor to be considered in forecasting the 
movement of weather situations is the relative 
orientation of the situation at the surface with 
the situation aloft. The lows and highs aloft will 
generally trail the system at the surface; that is, 
the system slants generally toward the west as 
it extends upward. This slanting must be con- 
sidered in drawing prognostic charts for the re- 
quired flight level. 
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Another basic factor to be kept in mind when 
studying the relative orientation of systems at 
various levels is the fact that, although a system 
may be closed at the surface, it may not be 
closed aloft. Closed contours around a low gen- 
erally mean easterly winds to the north of the 
system. There would obviously be a difference in 
the velocity of the wind if a system at flight level 
is closed or merely a deep trough. 


From these charts it must also be determined 
whether or not the systems are intensifying or 
weakening, how fast they are moving, in what 
direction they are moving, and how the systems 
will be oriented when the aircraft is in the 
vicinity. 

All of these initial considerations are primarily 
the responsibility of the weather forecaster; how- 
ever, a good navigator should understand ex- 
actly what has been forecast for his course and 
upon what considerations that forecast has been 
based. Thus, if a situation is encountered con- 
trary to the forecast, he has some idea how it 
might have developed and what must be done to 
compensate for the miscalculation. 


Prognostic Contour Chart and Its Use 


After weighing the regions of best flying con- 
ditions and the regions of strongest favorable 
winds, the navigator in association with the 
weather forecaster will select a level where con- 
ditions appear most favorable. Practically speak- 
ing, it is usually wiser to select one of the standard 
levels (850-, 700-, 500-, 400-, or 300-mb) for the 
flight, since the best data and consequently the 
most accurate forecast are available at these 
levels. If it appears from a visual inspection of 
the 500-mb chart, for example, that stronger 
tailwinds are prevalent at that level than at 
other levels, the flight should be made there. If 
strong headwinds are forecast at the 500-mb 
level in the vicinity of the course, it may be de- 
sirable to make the flight at another level where 
winds are lighter. Also, time may be saved by 
plotting a course to destination by means of a 
dogleg to another station. When a flight level 
has been selected, the forecaster will prepare a 
prognostic contour chart for that specific level 
and for the approximate time of the midpoint of 
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the flight. A composite contour chart pieced to- 
gether from the forecast of the situation that the 
aircraft would encounter at various key points 
along the flight track would often be more 
accurate; however, experience at various ocean 
terminals has shown that a prognostic contour 
chart for the midpoint of the flight is suff ciently 
accurate for the single drift and minimal flight 
calculations described in this manual. Contour 
heights of the standard constant pressure sur- 
faces are usually drawn for intervals of 200 feet. 
On such charts, contours of high pressure areas 
show up in much the same way as contours of 
mountains on a topographical chart, low pressure 
areas as lakes, troughs as valleys, etc. The wind 
blows approximately parallel to the contours 
with a speed that is inversely proportional to the 
contour spacing. One great advantage of the 
chart is that (at any one latitude), a given con- 
tour gradient produces the same wind velocity. 


Selecting the Flight Chart 


In selecting a chart for the route, the navi- 
gator should choose the one that will make his 
calculations as simple as possible. In most in- 
stances, a projection that shows the great circle 
course as a straight line is the simplest. In some 
situations, however, a rhumb line course may 
be indicated, in which case a Mercator projection 
will be preferable. Regardless of the chart used 
for the computations, the final single drift cor- 
rection or minimal flight course must be repro- 
duced on the chart upon which the navigator 
will actually plan and regulate his flight. 


THE BASIC GREAT CIRCLE COURSE. An 
oblique Mercator chart, based on the great 
circle axis of the course, usually represents the 
optimum in navigation charts since the straight 
line between terminals defines the great circle 
course. For standard routes of regular traffic it 
would be profitable to prepare such a chart. 


Lambert conformal or polar stereographic 
navigation charts are also recommended since a 
straight line course on these projections is a 
close approximation to the great circle. In addi- 
tion, these projections are used in weather 
plotting and are generally available in the 
weather station. 
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In the absence of any wind, a navigator seek- 
ing the course of shortest time between two 
points would choose the great circle course, since 
that is the route of shortest distance. However, 
when a variable wind pattern exists at flight 
level on long range flights, it is possible to shorten 
flying time and to reduce fuel consumption by 
taking advantage of more favorable winds on 


either side of the great circle course. The greater » 


distance of this devious route is more than com- 
pensated for by the increase in groundspeed. 


OTHER USEFUL CoursgEs. A favorable wind- 
flow pattern is not always present, and conse- 
quently large time savings are not always 
possible. If there were no wind, an aircraft flying 
a constant true heading would follow a rhumb 
line. Such a course, however, would never be 
shorter than the great circle course. In those 
instances where the rhumb line distance is not 
significantly greater than the great circle dis- 
tance, rhumb line headings may be used in 
place of great circle headings to simplify the 
single drift correction and minimal flight calcu- 
lations. In such cases, the rhumb line may be 
considered the great circle course for plotting 
purposes. 


Also, in those areas where the magnetic 
variation along a particular course causes a 
“single magnetic heading”’ course to approximate 
a great circle course, further simplification may 
be achieved by the use of such a course. For 
example, in the absence of wind, a single mag- 
netic heading of 245 degrees from Shemya, 
Alaska, to Misawa, Japan, causes the aircraft to 
approximate a great circle course. This tech- 
nique is only available, however, in certain areas 
of the world where the particular magnetic 
variations along the course are favorable. 


When considering any alternate course, the 
navigator should always remember that even a 
slight increase in the length of the course, unless 
justified by an increase in groundspeed, will re- 
quire additional flying time. This may not appear 
significant on one flight, but over a period of 
time it will amount to several hundred gallons 
of fuel, plus the other cumulative effects of 
additional engine and crew time, maintenance, 
and the loss of range. On these routes where a 
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noticeable difference exists between the rhumb 
line and the great circle, if an oblique Mercator, 
Lambert conformal, gnomonic, polar stereo- 
graphic, or a suitable projection is not available, 
the great circle course must be plotted on the 
available chart, and the minimal flight calcula- 
tions must be based on this great circle course. 


APPLICATION OF DRIFT CORRECTIONS 


The individual drift corrections, normally 
applied to a straight course to compensate for 
the crosswind component, vary considerably 
during a long flight due to local variations in the 
wind-flow pattern; whereas, the net drift over 
the entire course may be small. If the aircraft 
heading is compensated only for the net drift, 
so that the speed of the aircraft is not reduced 
by excessive crabbing, the actual time in flight 
can be reduced. 


The Usual Multiple-Drift Corrections 


In the accompanying illustration, an aircraft 
flying a direct course from A to G, through a 
low pressure area, first crabs into the wind in 
order to maintain the desired course. Using 
vectors to illustrate, if the true airspeed is equal 
to the vector AB, the resultant track at the end 
of one hour will be AC, somewhat short of D. 
After reaching D, another hour’s flight along the 
heading DE results in a track DF, still short of 
G. For the entire flight from A to G, the total 
time is: one hour from A to C, plus a fraction of 
an hour from C to D, plus one hour from D to 
F, plus a fraction of an hour from F to G. The 
total elapsed time is well over two hours. 


Single-Drift Correction 


In the next illustration, a second arrcraft, 
flying from A to G, heads directly toward G, 
using a single drift correction for wind, which in 
this case is zero. Heading from A to D, a cross- 
wind positions the aircraft at P at the end of 
one hour; but since the aircraft picks up a gradu- 
ally increasing tailwind from A to P, the aircraft 
is actually well beyond P at the end of one hour. 
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Heading and Track of Aircraft on Direct Flight 


On the flight from P to G, still on a heading 
parallel to AG, a crosswind positions the aircraft 
at G at the end of one hour. Since a tailwind 
from P to G considerably increases the ground- 
speed of the aircraft, the flight from P to G 
actually requires less than one hour’s flight time. 
The total elapsed flight time from A to G, there- 
fore, 1s less than two hours. Although the second 
aircraft has flown a longer distance, by using a 
net drift correction the total flight time has 
been considerably decreased. 

The time lost by multiple drift corrections 
en route is saved if the net effect of the wind on 
the aircraft is calculated in advance for the 
entire course and a net drift correction angle 
applied to the great circle headings of the course. 
The navigator simply adds a single net drift 
correction which has been calculated for the 
entire course, to the familiar headings of the 
great circle course. It is on this principle that 
the single drift correction method is based. 

To fly a great circle course, the true heading 
with respect to the meridians must be changed 
continually; that is, unless the course is along a 
meridian or the equator. In addition, since mag- 
netic variations change en route, the magnetic 
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heading must also be changed continually. In 
practice, the constant single drift correction is 
applied to the magnetic headings of the great 
circle course instead of applying individual drfit 
corrections determined for the winds in each 
area en route. The single net drift correction is 
normally small or even negligible; therefore, time 
lost due to crosswind corrections will be mini- 
mized. In addition, the aircraft will generally 
drift into areas of increasing tailwinds or de- 
creasing headwinds. 


DETERMINING THE SINGLE DRIFT HEADING. 
The single drift heading line may be drawn on 
the Lambert conformal or similar flight chart by 
means of either a net crosswind displacement at 
destination, or by use of the drift correction 
angle between origin and destination. The head- 
ing line drawn by either method will show the 
true heading of the aircraft along the entire 
course. 

Net Crossuind Displacement. To determine 
the net effect on the aircraft of the crosswind 
component of the geostrophic wind, the known 
relationship between contours and wind is con- 
sidered. Since the net crosswind effect of the 
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Heading and Track of Aircraft using Single Drift Correction 


wind between terminals is the value required, 
the heights of the flight-level pressure surface 
at the points of origin and destination are the 
only weather values required. This means that 
a single drift correction can be determined even 
when the wind forecast for the route between 
terminals is indefinite or unreliable. To de- 
termine the lateral-drift displacement of the 
aircraft between terminals, the difference in feet 
between the height of the constant-pressure 
surfaces at the terminals is divided by the true 
airspeed of the aircraft and multiplied by a K- 
factor dependent on the mean latitude of the 
course. In symbols, the relationship may be 
expressed as follows: 
Z N = K (H d~ H o) 
TAS 
where: ZN =Crosswind displacement in nautical 
miles 
H, =Height at destination 
H, =Height at origin 


In the Northern Hemisphere if the net cross- 
wind displacement formula yields a positive 


value, the aircraft will drift to the left. Any cor- 
rection must, therefore, be made to the right. 
In order to use net lateral drift in drawing a 
heading line, first draw a circle, as shown in the 
illustration, around destination using the net 
crosswind displacement for the entire course as 
a radius. The heading line is then drawn from 
the point of origin, tangent to this circle on the 
opposite side of the destination from the calcu- 
lated drift displacement. 





The Heading Line is Drawn Through the Origin 
Tangent to a Circle Centered at Destination 
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Construction of Drift Correction Angle 


Drift Correction Angle. Using similar rela- 
tionships, the heading line may be determined 
by means of a drift correction angle (DCA), as 
follows: 


60 (ZN) 
Total Ground Distance 


where 60 is a constant used to convert the 
sine of a small angle to the angle itself, and 
distance is the great circle distance of the course 
in nautical miles. If the drift correction angle is 
positive, it is added to the true course, since the 
aircraft drifts to the left and any correction must 
be made to the right. In order to use the DCA 
method on the Lambert conformal projection, 
the drift correction angle in degrees is applied to 
the great circle course at the point of origin and 
extended to the vicinity of the destination as 
shown. 

PLOTTING THE SINGLE DRIFT CORRECTION 
CoursE (SDC). If the forecast contour pattern 
prepared by the weather forecaster is fairly well 
defined, it is possible to calculate the single drift 


DCA= 


9,000 FT 9,200 FT 


DESTINATION 


correction course and plot it on the flight chart. 
Notice, in Construction of Intermediate Crosswind 
Displacements, that this plotting is determined 
by computing the net crosswind displacement 
(ZN) in nautical miles at each contour line 
crossing the original course. These values will be 
the net crosswind displacement of the aircraft 
when it reaches each contour line; they are not 
likely to be the same as the net crosswind dis- 
placement at the destination. 








ZN _ Hi —Ho -—___—* nautical miles. 
K “TAS ~ 

ZN: _ H.-H nautical miles. 
K TAS 

ZN; H;—H 








= = nautical miles. 
K TAS 

Each contour line is marked at the perpen- 
dicular distance in nautical miles from the 
heading line equal to the net crosswind dis- 
placement (ZN) calculated for each contour 
value. Calculated crosswind displacement values 
of contours lower than the contour at the origin 
will fall to the right of the heading line, and 
crosswind displacement values of higher con- 
tours than the origin will fall left of the heading 
line. The direction of offsets may easily be 
checked by keeping in mind that in the Northern 
Hemisphere the aircraft drifts to the right when 
ZN is negative and to the left when ZN is 
positive. The single drift correction course is 
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Construction of Intermediate Crosswind Displacements 
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Construction of SDC Course 


plotted by connecting these points on the con- 
tour lines as shown in Construction of SDC 
Course. 


The actual track of the aircraft will approxi- 
mate the SDC course, depending on the accuracy 
of the forecast. This course will normally con- 
sume less time than the great circle course and 
may often approximate the course of least time. 
As long as the forecast of the terminal pressure- 
height values is reliable, the effects of slight 
nonforecast deepening or filling will cancel each 
other, and the aircraft will arrive at destination 
on schedule. 


On those occasions where the detailed weather 
pattern along the entire course is uncertain or 
unreliable, the navigator may decide to calcu- 
late only the net drift correction angle for the 
entire flight and not attempt to plot the approxi- 
mate course of the aircraft. Under these con- 
ditions, the ZN and DCA formulas are used to 
supply the desired headings of the SDC course. 
By applying this net DCA (and the local mag- 
netic variations) to the great circle headings, the 
proper magnetic headings for the flight are 
determined. Forecast wind values are plotted 
along the SDC course primarily to permit the 
navigator to estimate groundspeed and to com- 
plete his flight plan. En route to destination, he 
will, then using the net drift correction, permit 
the aircraft to be carried to one side or the other 
of the direct course according to local winds 
along the route. The weather forecaster is not 
expected to guarantee that this technique will 
provide an exact flight plan, since the weather 


forecaster is not infallible. He may say, however, 
that this technique will provide a simple and 
reliable flight plan with the assurance that a 
definite saving in flight time can usually be ex- 
pected. Also, the estimated flight time of the 
SDC course will be fully as reliable as the flight 
time estimated for any other course—rhumb 
line, great circle, etc. An extract of a SDC flight 
plan giving drift corrections and headings from 
Torbay (Newfoundland) to Lages (Azores) is 
given in Extract I of the Table. A similar extract 
using a single magnetic heading is in Extract II 
for a flight from Shemya (Alaska) to Misawa 
(Japan). 

Another name sometimes used for the SDC 
course is the single-grid-heading course, which 
may be plotted on any projection where the 
great circle course approximates a straight line. 
For this method, a rectangular grid overlay is 
superimposed on the chart projection and 
oriented along the central meridian of the 
projection. Then the great circle course, appear- 
ing as a straight line, makes equal angles with 
all north-south lines of the rectangular grid. 
When the net drift correction angle is applied to 
correct for wind effect, the entire course may be 
flown on a single heading with respect to the 
rectangular grid overlay. 


Flight Planning Single Drift Correction 


As an example of single drift correction and 
minimal flight planning procedures, complete 
computations and plots for a flight from Torbay 
(Newfoundland) to Lages (Azores) are presented. 
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Table, Preparation of SDC Flight Plan 


FLIGHT PLAN EXTRACT I 
(Course and heading only) 


From Torbay, NF Via §.D.C. To Lages, Azores 
To True Net Drift True Magnetic Magnetic 
Course Correction Heading Variation Heading 
47°05'N-50W 105° Plus 4 109° 29°W 138° 
46°00’N-45W 107° Plus 4 111° 28°W 139° 
44°35'’N—40W 113° Plus 4 117° 27°W 144° 
42°35'N-35W 119° Plus 4 123° 25°W 148° 
40°15’N-30W 122° Plus 4 126° 22°W 148° 
LAGES 124° Plus 4 128° 21°W 149° 


*The constant net-drift correction is applied to the great-circle course headings, then correction for magnetic variations to 
give magnetic headings for the flight. (These tables are extracts of actual flight plans flown by MATS aircraft.) 


FLIGHT PLAN EXTRACT II 
(Course and heading only) 


From Shemya, Alaska 


To True Net Drift 

Course Correction 
52°03'N-170°E 249° Plus 2 
50°05’N-165°E 248° Plus 2 
49°02’N-160°E 246° Plus 2 
47°08’N-155°E 243° Plus 2 
44°56’N-150°E 241° Plus 2 
42°45’'N-145°E 239° Plus 2 
MISAWA 238° Plus 2 


PLOT GREAT CIRCLE COURSE ON APPROPRIATE 
FLIGHT CHART. The great circle course is 
plotted from point of origin (Torbay, Newfound- 
land) to destination (Lages, Azores), preferably 
on a Lambert conformal or similar navigation 
chart which will show the great circle course as 
a straight line. By inspection, the average lati- 
tude along the entire course is found to be 43°N. 
It is known that true airspeed will be 180 knots. 
The’ great circle distance between the terminals 
is 1,230 nautical miles. 


TRANSPOSE THE PRESSURE-CONTOUR FORE- 
CAST TO FLIGHT CHART. A route forecast chart 
showing the pressure-contour pattern at flight 
level has already been prepared by the weather 
forecaster. It is valid for the flight area at a 
time near the midpoint of the flight. In this ex- 
ample, the flight is planned at a pressure altitude 
of 9,500 feet; so a standard forecast chart of the 
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Via Single Mag. Hdg. 


To Misawa, Japan 


True Magnetic Magnetic 
Heading Variation Heading 
251° 4°E 247° 
250° 3°E 247° 
248° 1°E 247° 
245° 2°W 247° 
243° 4°W 247° 
241° 6°W 247° 
240° 7°W 247° 


700-mb surface has been used. The contours of 
the forecast heights of the 700-mb surface are 
transposed to the flight chart. The contour lines 
crossing the flight area now divide the great 
circle course into segments of approximately 
constant wind-flow patterns. These basic opera- 
tions are illustrated. 


DETERMINE DIFFERENCE IN HEIGHT BE- 
TWEEN TERMINALS. On a separate work sheet, 
determine the algebraic difference in the height 
of the contours of the constant-pressure surface 
(700-mb) at the destination (Lages) and at the 
point of origin (Torbay). The height at Torbay 
is subtracted from that at Lages and the dif- 
ference is found to be +800 feet. 


Ha —H, =10,000 —9,200 = +800 feet 


COMPUTE NET CROSSWIND DISPLACEMENT. 
The difference in height between the terminals 
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700 MB Prognostic Chart for the Flight from Torbay to Lages 


(+800 feet) is then divided by the true airspeed 
(180 knots) and multiplied by the K-factor for 
the average latitude (at 48°N,K =32) to obtain 
the net crosswind displacement. 


H.—H 4800 
ZN = K (Ha—He) . gp ( +800 - 4142 
TAS +180) ~ 7 460m 


COMPUTE DRIFT CORRECTION ANGLE. In 
order to compute the single drift correction 
angle, the net crosswind correction (142 nautical 
miles) is multiplied by 60 and then divided by 
the distance between the terminals (1,230 nau- 


ORIGIN 


ax aun — 
A oe 
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tical miles). This computation gives a drift 
correction angle of +70. 


60ZN _60x142 
Distance 1230 


PLOT DRIFT CORRECTION ANGLE. Since the 
drift correction angle in this example is positive, 
the drift is to the left; thus, the correction for 
the drift must be made to the right of the great 
circle course. The heading line is therefore drawn 
from the point of origin (Torbay) at an angle of 
7° to the right of the great circle course. At the 


DCA = = +70 
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Construction of the Heading Line, Torbay to Loges 
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destination, it will be noticed, the net crosswind 
displacement is 142 nautical miles to the left of 
the heading line (measured along a perpendicular 
dropped to the heading line). 

COMPUTE CROSSWIND DISPLACEMENT FOR 
EacH SEGMENT. Using the same formula as 
was used to compute the net crosswind dis- 
placement for the entire course, crosswind dis- 
placements are now computed for each segment 
of the course (algebraic difference between height 
of each contour line crossing the heading line, 
and the height of the constant-pressure surface 
at the point of origin (Torbay). The K-factor 
for the average latitude of that portion of the 
course under consideration is used for these 
computations, instead of the K-factor for the 
average latitude between Torbay and Lages as 
was used in computing the net crosswind dis- 
placement for the entire course. The displace- 
ments for this example are computed as follows: 


(H,—H.) = 
( TAS ) 


(9,000 —9,200) _ 
( 180 ) 


ZN, _ K, 
—32 nautical miles 


ZN, =K, (H2—He) _ 39 
( TAS ) 


(9,000 — 9,200) = —33 nautical miles 
( 180 ) 
(H;—H.) 
= 30 
Ns =Ks as ) TAS ) 
preg 0 nautical miles 
ZN, = K, (Hs— He) H,) = 3l 
Be TAS ) 
a = +35 nautical miles 
H;—H.) 
ZN, = K, e222) = 32 
5 zr TAS ) 
(9,600 — 9,200) 


= +71 ti il 
( 130 +71 nautical miles 
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(He— H,) 
ZN, = K = 32 
°C TAS ) 


(9,800 — 9,200) 
( 180 ) 


PLOT CROSSWIND DISPLACEMENT FOR EACH 
SEGMENT. Lines parallel to the heading line are 
plotted at a distance from the heading line equal 
to the ZN calculated for each segment. The inter- 
section of these parallel lines with the contour 
lines locates the end point of each segment. 
Negative crosswind displacements are plotted 
to the right of the heading line, positive to the 
left. 


PLOT THE SINGLE- DRIFT CORRECTION COURSE. 
The points marked on the contour lines to indi- 
cate the displacement in each segment are con- 
nected to show the single drift correction course. 
This course is shown. If no noticeable wind shear 
exists perpendicular to the single drift correction 
course, this course is recommended for final use 
and no further computations are necessary. Even 
if the contour pattern between terminals is un- 
certain or unreliable, the single drift correction 
technique will provide an efficient flight as long 
as the height values of the constant-pressure 
surfaces at the terminals are reliable. In such 
cases, although the actual course and position 
of the aircraft between terminals cannot be 
plotted, the net drift computations based on 
terminal-height differences assure the eventual 
arrival of the aircraft at or very close to the 
destination. 


= +107 nautical miles 


COMPLETE SINGLE DRIFT CORRECTION FLIGHT 
PLAN. If no marked wind shear exists per- 
pendicular to the single drift correction course, 
the navigator can now proceed with his flight 
plan in the usual manner. The great circle 
courses of the flight are recorded in the log. The 
single drift correction, which will be the same 
for each segment of the course, is applied to each 
of these headings. The magnetic variation for 
each segment is determined, also the magnetic 
headings for each segment of the course. From 
the wind values plotted on the flight chart by 
the weather officer, the navigator estimates the 
groundspeed and flight time to complete the 
flight plan. 








_ ax 


9,200 


Construction of SDC Course, 
Torbay to Lages 9,400 9,600 


Single Heading Flight 


Now consider another variation, the single 
heading flight. Remember the preceding pro- 
cedure was for a single drift correction. 


Use the Following Procedure: 


1. Determine ZN from departure to destina- 
tion and mean drift using the formula: 


ZN _ (Ha— Ho) com H,) 
“K TAS 


For example, if Hz were 9900 feet, H, 8820 
feet, true airspeed 200 knots, and latitude 40, 
the equation would be: 

ZN _ +1080 


33 200 


and, ZN is 180 nautical miles. If, in this case, 
the rhumb line distance were 2091 nautical miles, 
then the mean drift would be 5° left. 


2. Determine the constant true heading: 
TC+Drift correction =TH 
3. Determine the ZN from departure to each 
contour using segment midiatitude in the follow- 
ing formula; 
ZN H,—H, 
K of Mid-Lat TAS 
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DESTINATION 


4. Complete flight plan as outlined pre- 
viously. In lieu of forecast winds, true wind 
direction may be used to determine groundspeed 
with a DR computer. 


a. Set true wind direction at true index. 
Draw a straight line along 0 drift. 

Set TAS under grommet. 

Set TH at true index. 

Draw TC line along appropriate drift line. 
Read GS at intersection of (b) and (e). 


moan oo 


THE MINIMAL FLIGHT COURSE 


The single drift correction course is a first 
approximation to the course of shortest flight 
time between distant terminalis. As has been 
shown previously, the SDC course will often be 
the minimal time course, or so close to it that 
further refinements are not required. Consider- 
able additional time saving, however, is possible 
under certain conditions. If a reliable forecast of 
the contour pattern of the flight area is available, 
and if a noticeable horizontal wind shear exists 
perpendicular to the flight course, a further de- 
crease of the single drift correction (SDC) flight 
time may be accomplished by means of a mini- 
mal flight course. 
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Minimal flight is the name designated by the 
Air Weather Service to its particular technique 
of pressure pattern flight. The minimal flight re- 
finements of the single drift correction (SDC) 
course are plotted by use of an offset diagram, 
which in turn is plotted from changes of heading. 
These changes are calculated on the basis of 
wind gradient in the area of each segment of the 
SDC course. The optimum rate of change of 
heading for each segment of the SDC course is 
obtained by the direct application of a basic 
differential equation derived from theoretical 
considerations. 

Since Optimum Flight Planning is discussed 
in later areas no detailed information on mini- 
mal flight planning will be given. Further in- 
formation is available in Air Weather Service 
publications. 


FOUR DIMENSIONAL (4-D) 
FLIGHT PLANNING 


This section will describe an integrated system 
of navigation commonly known as 4-D. Although 
the term 4-D is most often associated with flight 
planning, the procedures to be described here 
are used throughout the flight. The system con- 
sists of simplified procedures to achieve the 
following: (1): selection of the best route to 
carry an assigned payload under existing weather 
and operational conditions; (2) new tools and 
methods to increase the factual knowledge avail- 
able to the navigator for making decisions; (3) 
greater flexibility in the use of current informa- 
tion; (4) application by the navigator of metero- 
logical logic and reasoning to every phase of the 
navigation problem. 

Optimum flight planning is probably a better 
name for this system, since optimum planning 
describes the purpose of the system, while 4-D 
simply describes part of the methods involved. 
The optimum flight path is the least time path 
that is consistent with operational restrictions, 
safety requirements, fuel requirements, and air- 
craft performance — in short, the best com- 
promise after all factors affecting the operation 
of the aircraft have been considered. To be able 
to make such a choice in a reasonable length of 





time, the navigator needs complete meterologi- 
cal data on a broad area surrounding the pro- 
posed track and for any altitude within the 
limits of the aircraft. The 4-D system makes it 
easy for the forecaster to present this informa- 
tion in terms that the navigator can understand. 
The wind distribution for the entire area is given 
in four dimensions (latitude, longitude, altitude, 
and time) by use of the 4-D chart. 

Another prerequisite for fast flight planning 
is a means of determining the best possible route 
in a short time. An hourly time-front computer 
has been developed to aid the navigator in doing 
this. There are many types of these computers 
and the one discussed in this manual is the latest 
in use. 

Improved methods of observation and pro- 
cedures for the use of observations from other 
aircraft increase the amount of information 
available to the navigator for making decisions. 
Probably the most important outcome of the 
4-D system is the emphasis it places on the 
meterological training of navigators. In the past, 
the navigator’s training has generally empha- 
sized surface weather and included very little on 
the pressure-temperature structure of the at- 
mosphere and the resulting wind field. If the 
navigator is trained to reason with weather in- 
formation, to take a few observations and con- 
struct the probable wind and pressure fields that 
will influence his flight, to construct time fronts 
and determine optimum headings, and to take 
appropriate action when he finds the flight plan 
is running into error, then his informational 
horizon will be broadened. He will no longer 
think of navigation as a fix-to-fix operation, but 
in terms of the whole route, or a number of 
routes, and in terms of efficient flight. If he 
learns how to collect and use weather informa- 
tion, he will be able to obtain maximum per- 
formance from the aircraft, take advantage of 
the jet stream, avoid excessive headwinds, and 
remedy a bad forecast. 


The 4-D Chart 


The four dimensions considered in minimal 
flight planning are those of altitude (height), 
longitude (length), latitude (width), and time as 
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Four Dimensions of 4-D Chart 


illustrated. A 4-D chart is the graphic presenta- 
tion of the wind flow resulting from the pressure- 
temperature distribution of the atmosphere 
along these four dimensions. Three convenient 
parameters — D, S, and TAU — are used to 
represent the pressure-temperature distribution 
on the chart. By using the gradients of these 
parameters, the navigator can determine the 
wind at any altitude, position, and time within 
the limits of the chart without the use of mathe- 
matics higher than simple arithmetic. 

The 4-D chart is actually three charts super- 
imposed. The basic chart is synoptic D-chart 
which shows the wind distribution as a D- 
contour gradient for a particular pressure alti- 
tude near flight level for a particular time. 
Superimposed on the synoptic chart is an S-field 
which shows the rate of change of D in the 
vertical in 1000-foot increments. Finally, a 
TAU-field is added to show the total change in 


D over a specified period at the level of the 
synoptic D-chart. It is very important that the 
navigator have a thorough knowledge of the 
interrelationships of the parameters — D, S, 
and TAU. 

DEFINITION OF D: D has already been de- 
fined as the difference between true altitude and 
pressure altitude. A more direct interpretation 
is that it represents the height of a particular 
pressure in the actual atmosphere, measured 
from its height in the standard atmosphere 
rather than from mean sea level. In other words, 
the D-value is an expression in feet of the 
difference between the actual atmosphere and 
the standard atmosphere for a particular pres- 
sure level. The 4-D chart has contour lines 
labeled with this difference. 


DEFINITION OF S: S is defined as the rate of 
change of D in the vertical direction with respect 
to pressure altitude. As will be shown later, it is 
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used to determine the vertical wind shear for 
each 1000-foot interval. 


Modern aircraft operate at altitudes from 
2000 feet to 50,000 feet, and a climbing cruise 
technique has become commonplace. In normal 
operation an aircraft may be grossed out at 
takeoff and unable to climb directly to cruising 
altitude. The navigator must, therefore, have 
wind information for several altitudes. He could 
use a separate chart for each level, but instead 
he uses the more convenient method of applying 
corrections, by means of the S-parameter, to the 
wind information taken from one base chart. 


DEFINITION OF TAU: The gradient of TAU 
represents the forecast change in wind from the 
synoptic D-chart. It is the only parameter that 
is forecast. As mentioned earlier, one of the in- 
accuracies in pressure differential flying and 
minimal flight planning 1s the movement of the 
pressure field. This is to be expected and must be 
corrected for. Also, the pressure charts available 
to the navigator for flight planning are usually 
6 to 9 hours old. This time interval is used to 
prepare, interpret, and distribute the charts. 
The TAU-gradient enables the navigator to 
bring the pressure system up to date. In doing 
this he uses the forecast of the meterologist. 


SUMMARY. In summary, the three param- 
eters — D, S, and TAU — enable the navigator 
to adjust the winds obtained from the basic con- 
stant pressure chart for altitude and time. The 
forecast movement of the pressure system from 
that shown on the basic constant-pressure chart 
is given by the TAU-gradient. Change in the 
wind with change of altitude is given by the 
S-gradient. The use of these will be further ex- 
plained in the following sections. 


Construction of the 4-D Chart 


DETERMINING THE TAU GRADIENT: To de- 
termine the first of the parameters, TAU, the 
forecaster starts with the most current constant- 
pressure chart for the altitude desired. In this 
example, a 700-mb constant-pressure chart will 
be used. The standard height of the 700-mb 
surface is 9,880 feet true altitude. This chart 
shows the actual height of the 700-mb surface 
for the area shown at a specific time. The chart 
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is constructed using all available current infor- 
mation, and the contour lines are labeled as 
deviations from the standard height. Using this 
chart as a basis, the forecaster then constructs 
a prognostic or forecast chart for 24, 30, or 36 
hours in advance. In constructing this chart, the 
forecaster must take into consideration past 
experience (historical sequence) with the pres- 
sure systems in the area and the laws that govern 
pressure system movement. 

A comparison of the actual and prognostic 
D-charts will give the total change in D in the 
horizontal plane. This total change in D is often 
referred to as Delta H (change in height). It 
may be for 24, 30, or 36 hours depending on the 
time between actual and prognostic charts. 

To convert the total D-change to information 
that can be easily and conveniently used in the 
flight plan, it is converted to an hourly change 
in the horizontal called TAU. This is done by 
dividing the change in D by the number of hours 
between the synoptic and prognostic charts. 

Referring to the illustration, we have an actual 
chart for 700-mb on 8 January 1958 at 0300Z, 
and superimposed on it we have a prognostic 
chart for 700-mb on 9 January 58 at 0300Z. The 
colored lines represent the total change between 
the two charts. The total forecast change in D 
is —200 feet, 0 feet, and +200 feet for a 24-hour 
period. These lines connect all intersections of 
equal D-value change. 

Total forecast D-change is now divided by the 
time period between the two charts (24 hours) 
to establish the hourly rate of change which is 
called TAU. This will change the —200-foot line 
to —8.3 feet per hour, the “0” will remain the 
same and the +200-foot line will be relabeled 
+8.3 feet per hour. Normally TAU lines are ad- 
justed to —10, 0, and +10 feet. 

All the information needed to construct a 
flight plan at the 700-mb level for any period 
between 0300Z, 8 January 58, to 0800Z, 9 
January 58, 1s given on the chart illustrated. On 
an actual chart only the 0300Z, 8 January 58, 
D-field would be shown along with the TAU 
field which shows the hourly rate of change 
through 0300Z, 9 January 58. A D-value can be 
computed for any point on the chart for the 
time period covered. 


See eee 
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Derivation of TAU Field 


Example I: Determine a corrected D-value 
for point A in the illustration for the time of 
1300Z, 9 January 58. Base D-value from the 
actual chart at point A is +520 feet. Chart time 
is 03800Z, 8 January 58, so the D-value must be 
corrected for 10 hours of TAU. TAU at this 
point is —8.3 feet per hour. Thus 10 (hours past 
chart time) times —8.3 (change in D per hour 
in the horizontal) will give a correction of —83 
feet. Current D-value for point A at 13800Z, 
8 January 58, would be +520—83 or +437 feet. 

Example II: Determine a corrected D-value 
for point B in the chart, for the time of 2000Z, 
8 January 58. Base D-value from the actual 
chart at point B is +440 feet. Chart time is 
0300Z, 8 January 58, so the D-value must be 
corrected for 17 hours of TAU. TAU at this point 
is +5 feet per hour. Thus 17 (hours past chart 
time) times +5 (change in D per hour) gives a 
correction of +85 feet. Corrected D-value for 


point B at 2000Z, 8 January 58 is +440+85 or 
+525 feet. 

Determination of the D-field and the TAU- 
field accomplishes two of the 4-D parameters. 
The D-field appears on the chart as black lines 
of equal D-values and the TAU field as red, 
purple, and blue lines of equal change in D: red 
denoting a negative change, purple no change, 
and blue a positive change. 

DETERMINATION OF S-GRADIENT. There are 
two methods of determining the S-gradient: 
(1) by intersection, and (2) by pastagram. 
Probably the simplest method of determining the 
vertical wind shear is by the intersection method. 
This is accomplished by superimposing two D- 
charts or constant-pressure charts, both for the 
same synoptic time, for different levels. By 
drawing lines connecting intersections of equal 
change in D height change, the thickness field is 
obtained. This field can then be evaluated as the 


5-37 


AF MANUAL 51-40A VOL! 31 DECEMBER 1962 


+200 
(+-23.8) 


+400. 
— ote —— 


(4-476) 


a 2 
+200 
(423.8) 





S-Field 


change of D per thousand feet, or S-value, and 
the navigator can then determine how the wind 
changes with altitude. 


To establish the S-field, the navigator utilizes 
two constant-pressure charts for different levels, 
both for the same synoptic time (see chart, S- 
Field). For an example, a 700-mb chart (stand- 
ard height 9,880 feet) and 500-mb chart (stand- 
ard height 18,290 feet), both for 0300Z, 8 
January 58, are used. The contour lines on these 
charts are labeled in 200-foot increments from 
the standard height. The 700-mb chart is super- 
imposed over the 500-mb chart, and a series of 
lines are constructed to connect all intersections 
of equal D-value change. This gives the total 
change from the 700-mb to the 500-mb levels. 
Under standard conditions, there is a height of 
8,400 feet of true altitude and pressure altitude 
separation between the two chart levels. By 
dividing the value of the height change lines by 
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the number of thousands of feet separation 
(8.4), this height change is converted to change 
per thousand feet. This converts the +200-foot 
S-line to a value of +23.8 per thousand feet, the 
+400-foot line to + 47.6 per thousand feet, and 
the “‘Q”’ line will remain the same. 

To determine a flight plan between the two 
levels (700-mb and 500-mb), the navigator now 
has the change in D in the vertical or with 
altitude. 


Example I: Determine a corrected D-value 
for point E, S-Field chart, for an altitude of 
14,000 feet. Base D-value from the 700-mb chart 
is +320 feet. To correct this value for change 
with altitude, the navigator determines the 
S-value at this point and the number of thou- 
sands of feet he is above the 700-mb chart level. 
Height of the 700-mb surface is 9,880 feet, so for 
determination of S, he may consider the 700-mb 
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Completed 4-D Chart 


level as 10,000 feet. S-value at this point is 
+23.8 feet per thousand feet. The navigator 
desires a D-reading for the level of 14,000 feet, 
so he must multiply 4 (number of thousands of 
feet above chart level) by +23.8 (value of S at 
this point). This gives a value of 4 times +23.8 
or +95.2 for the S-correction. The base D-value 
at the 700-mb level is +320 feet plus the S- 
correction for 4,000 feet of +95.2 or +415.2 feet. 


Example II: Determine a corrected D-value 
for point F, S-Field chart, for an altitude of 
16,000 feet. Base D-value from the 700-mb chart 
is +500 feet. To correct this value for change 
with altitude, the navigator determines the S- 
value at this point and the number of thousands 
of feet he is above the 700-mb chart level. S- 
value at this point is +10 feet per thousand feet. 
He desires a D-reading for the level of 16,000 
feet, so he must multiply 6 (number of thousands 


of feet above chart level) by +10 (value of S at 
this point). This gives a value of 6 times +10 or 
+60 for the S-correction. The base D-value at 
the 700-mb level is +500 feet plus S-correction 
for 6,000 feet of +60 or +560 feet. 


Final 4-D Chart and Determination of Values 


The completed 4-D chart is_ illustrated. 
Through chart analysis the parameters needed 
to accomplish a 4-D flight plan have been de- 
termined. The TAU-field gives the horizontal 
gradient or change in the D-structure with re- 
spect to time. The S-field gives the vertical 
gradient or D-change with altitude. 

The Completed 4-D Chart contains all the in- 
formation necessary to determine a flight plan 
at any level between the 700-mb and 500-mb 
levels for any time between 0300Z, 8 January 58 
through 03800Z, 9 January 58. 
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For example, assume a flight is to depart 
point P, Completed 4-D Chart, at 1400Z, 8 
January 58. Destination is point Q, and it is re- 
quired to find D-values at enroute points 1, 2, 
and 3. The navigator estimates point 1 at 1700Z 
and plans to be at an altitude of 13,000 feet. 
To determine an accurate D-reading, he must 
obtain the base D-value from the 700-mb chart, 
and then correct it for horizontal movement 
with time by use of TAU. This must then be 
corrected for altitude by use of S. 


+500 Base D-value from 700-mb chart 

—116 TAU —8.3 per hour x 14 hours past 
chart time 

+100 Sis +33.5 per 1,000 feet * 3 (number 

of thousands of feet above chart 

level). 


+484 


Thus the current D-value for point 1 at 
1700Z for an altitude of 18,000 feet is +484 feet. 


Point 2 is estimated at 1900Z at an altitude of 
17,000 feet. Again the navigator must consider 
base D, TAU, and S. 


+520 Base D-value from 700-mb chart 
—64 TAU —4 per hour xX 16 hours past 
chart time 
0 Sis 0 per 1,000 feet x 7 (number of 
thousands of feet above chart level) 


+456 


Thus the current D-value for point 2 at 
1900Z for an altitude of 17,000 feet is +456. 


Point 8 is estimated at 2100Z at an altitude 
of 18,000 feet. 


+340 Base D-value from 700-mb chart 
+90 TAU +5 per hour x 18 (hours past 
chart time) 
0 S is 0 per 1,000 feet x 8 (number of 
thousands of feet above chart level) 


+430 


Thus the current D-value for point 3 at 
2100Z for an altitude of 18,000 feet is +430. 
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TIME FRONTS 


Optimum flight planning consists of a group 
of procedures used to determine the least time 
path between terminals. The optimum flight 
path is determined by performing a time-front 
analysis on a 4-D chart. A time front is a locus 
of points representing the maximum ground 
distances from a departure point that can be 
covered by an aircraft in a prescribed time inter- 
val. Time fronts for 1-hour time intervals have 
been found to be convenient and sufficiently 
accurate for most operational use. 


Briefly, each point on the first time front is 
located by first measuring from the departure 
point the air distance traversed by the aircraft 
in one hour. The effect of the wind for one hour 
on a particular heading is then applied to de- 
termine a corresponding ground position. When 
this has been done for a sufficient number of 
headings, the resulting points are connected by 
a line which is called a time front. If there were 
no wind, this time front would be a circle with 
its center at departure (see No Wind Conditions). 
If the wind were constant, the time front would 
again be a circle but its center would fall down- 
wind from departure (see Center of Circle is 
Shifted Downwind). When the wind field is not 
uniform or constant, the time fronts are de- 
formed from circularity to a degree dependent 
on the wind field (see Variable Winds Make Time 
Fronts Irregular Curves). 


After the first time front has been constructed, 
a number of points on that time front are used 
to determine the second hourly time front. At 
each of the selected points on the first hourly 
time front, place the TAS vector perpendicular 
to the time front. The wind effect for one hour 
along that heading is then added to the TAS 
vector to obtain a point on the second hourly 
time front. The construction of time fronts is 
continued in this way until some time front 
passes through or beyond destination. 


When the construction of time fronts has been 
completed, the optimum flight path can then be | 
determined quite readily. The construction of 
hourly time fronts is facilitated by use of the 
Hourly Time-Front Computer illustrated. Used 
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Constructing One-hour Time Fronts 


in conjunction with the D, S, and TAU analyses, 
the computer provides rapid graphical vector 
additions of true airspeed vectors and the wind 
effects throughout varying wind fields. 


Time-Front Computer 


The Hourly Time-Front Computer is essen- 
tially a means of determining the wind effect on 





an aircraft. The wind effect is represented on the 
4-D chart by the D, S, and TAU fields. The 
illustration shows the computer, designed for 
use on the standard weather chart, now used 
within MATS, Atlantic Division. (The standard 
weather chart is a Lambert conformal with a 
scale of 1:10,000,000 and standard parallels at 
30°N and 60°N.) 
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Features 


The wind is evaluated by finding the tailwind 
component and the beamwind component and 
summing these components vectorially. The 
portion of the computer bearing the headwind- 
tailwind-right drift-left drift legend is used to 
determine the wind component parallel and 
normal to heading. Each of these four scales is 
crossed by lines labeled from 0° to 80° latitude. 
These lines serve to compensate for both map 
distortion and latitudinal variation in the geo- 
strophic wind. Even though the latitude scale 
begins at 0°, the computer is inaccurate between 
0°-30° latitude. 


The computer is designed for any TAS at any 
latitude; however, the contour spacing scale is 
based on an average TAS of 240 knots at a 
latitude between 40° and 50° north. 


The illustration, Computer Features, shows the 
important features of the computer. The center 
line is the true heading line. The arrow D is the 
head of the true airspeed vector. The heavy 
lines AB and CD terminated by the small 
triangles are used to evaluate the wind com- 
ponents parallel and normal to heading, respec- 
tively. More specifically the AB and DC scales 
are used to measure D-Differences perpendicular 
and parallel to true heading. This D-Difference 
in feet is then used with latitude to enter the 
appropriate headwind, tailwind, left drift, or 
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right drift scale to find the wind component. The 
crosshatched area between the four scales is cut 
out so that pencil marks can be made on the 
chart. The scale on the left side of the computer 
is used to compute the tail of the true airspeed 
vector (this effectively determines the length of 
the true airspeed vector for a given latitude). 
The procedure is to enter the computer with 
TAS, follow this TAS line until it intersects 
latitude, from this intersection drop a perpen- 
dicular to the true heading line. The overlay 
facilitates dropping this perpendicular. 


PREVIEW OF USE OF HOURLY TIME-FRONT 
COMPUTER. The computer is used to construct 
time fronts, as discussed above, by adding the 
wind effects to true airspeed vectors. The wind 
effect determined by use of the computer is really 
the sum of three vectors. The geostrophic wind 
for chart time and chart altitude is first deter- 
mined using the D-field on the 4-D chart. Then, 
the estimated change of D from chart time to 
flight time is determined from the TAU-field 
with the computer and applied as a correction 
to the geostrophic wind. Finally, the S-field and 
computer are used to determine the correction 
necessary when flight altitude is different from 
the pressure altitude for which the chart is 
drawn. Thus, the Hourly Time-Front Computer 
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is a device for rapidly computing the geostrophic 
wind with two corrections and adding this total 
wind effect to a true airspeed vector. 


Ustinc AB AND CD SCALES. The lines AB 
and CD, Computer Parameters, are used to eval- 
uate the wind components parallel and normal 
to heading, respectively. In using the AB scale, 
the computer is placed on the 4-D chart so that 
point C falls on the departure point with the 
heading arrow in the direction of the desired 
heading. The difference between the D-values at 
points A and B is then determined. This dif- 
ference can be evaluated readily by inspection, 
as illustrated for the three cases in Estimating AB 
and CD Distances. 

In Case I, the point B falls on the —80-foot 
D-line and point A falls between the —280-foot 
D-line and the —480-foot D-line. Estimating 
the D-value at point A to be —410 feet, the 


difference in D is 330 feet (410—80). However, 
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the difference in D can also be estimated with- 
out reference to the actual values at A and B. 
Thus, since B falls on a D-line and A lies on the 
other side of the next adjacent D-line, the esti- 
mated difference is 200 feet plus the increment 
from the —280-foot D-line to A. Estimating this 
increment to be about 130 feet, the difference in 
D is 200 feet +130 feet or 330 feet, as before. 


Case II is similar to Case I in that B falls on 
a D-line. This time, however, the line from A to 
B is not perpendicular to the D-line at B. In 
this case, the difference in D from the +120-foot 
D-line to an imagined line through A parallel to 
the —80-foot D-line is estimated to be 180 feet. 


In Case III, neither A nor B falls on a D-line, 
and the AB line is not perpendicular to the D- 
lines. However, imagine a line through B parallel 
to the +120-foot D-line and a line through A 
parallel to the +320-foot D-line. Estimating the 
distance between these lines defined by A and B 
to be 60 percent of the total distance Letween the 
charted D-lines, the difference in D is approxi- 
mately 120 feet. 

After the difference in D normal to heading 
has been estimated with the AB scale, the mean 





Estimating AB and CD Distances 
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latitude of the flight path is noted. The tailwind 
component of the wind can then be computed as 
follows: In the illustration, Tatlwind Component 
Measured with AB Scale a plotter has been 
placed on the chart with the point C on a de- 
parture point X. The difference in D between 
the points A and B is 400 feet and the mid- 
latitude is 50°. The wind direction is indicated 
by the arrows on the D-lines. (The wind direc- 
tion can be deduced from the fact that the low 


D-values are to the left of heading, so that the 
component along the heading is a tailwind com- 
ponent.) The intersection of the 50° latitude line 
and the line of 400-foot difference in D is then 
located on the tailwind portion of the graph. A 
pencil mark is made in the CD slot opposite this 
intersection (point X'). 

The computer is then moved in the direction 
of the true heading until the heading arrow 
(point D) is over point X' as indicated in the 
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next illustration. The computer is now fixed in 
position after shifting. Essentially, this sequence 
of operations has resulted in the determination 
of the vector sum of the tailwind component 
and the true airspeed vector. 

The beamwind component is now evaluated 
using the CD scale. The difference in D between 
the points C and D is determined in the same 
manner as with the AB scale. Referring to Case 
I in Estimating AB and CD Distances, the line 
CD is parallel to the constant D-line so that the 
difference in D is zero. In Cases II and III, the 
points C and D fall between D-lines, so the 
differences in D must be estimated. In Case II, 
an estimate of 80 feet is made; the estimate is 
90 feet in Case ITT. In the illustration, Beamwind 
Component Measured with CD Scale, the dif- 
ference in D is estimated to be +380 feet and 
the midlatitude is 50°. These values are used to 
enter the graph to the left of the AB scale. The 
point Y so marked on the chart represents the 
ground position of an aircraft one hour after 
departing point X. 

After several points have been determined 
with this procedure for various headings, a line 
connecting these points is drawn on the chart, 
as illustrated. This line is the time front for 
one hour’s flight from the point X. 


APPLICATION OF TAU To D. The tailwind 
and beamwind values determined in the pre- 
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Time Front, One Hour from Point X 


vious section would apply only in a D-field whose 
gradients were not changing with time. When 
gradients are changing, it is necessary to take 
account of the corresponding wind changes. 
The TAU field is used to evaluate these changes. 
In the illustration, Determination of TAU-E ffect, 
the portion of the chart being traversed lies in 
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a TAU-field where the values are between 24 
ft/hr and 16 ft/hr. These are hourly increments 
of the 24-hour height-change field previously 
determined and forecast by the meteorologist. 
These values signify that, at all points along the 
24 ft/hr TAU line, the D-value will be 576 (24 x 
24) feet higher 24 hours later than at synoptic 
chart time; along the 16 ft/hr TAU line, D- 
values will be 384 (24 x 16) feet higher 24 hours 
later than those on the chart. In this particular 
situation, the effect will be to diminish the tail- 
wind component and to increase the beamwind 
component. 

The illustration, Application of TAU to D, 
depicts the synoptic D-field (solid lines), the 
TAU-field, and the corresponding forecast D- 
field (dashed lines) 24 hours later. The tailwind 
D-change has decreased from 400 feet to some- 
thing less than 250 feet, whereas the beamwind 
D-change has increased from the original 400 
feet to about 450 feet. 


The flight planner need not work with indi- 
vidual values in this way, however, to determine 
the effect of TAU on the aircraft’s motion. 
Rather, the TAU-difference can be read in a 
manner similar to the D-difference. Since the 
hourly increments depicted on the chart are 
rates of change in the D-values per hour, the 
D-differences over the area from A to B and 
from C to D on the computer will change every 


“4 TAU\ + 24 FI/HR 
\ 
. \ 


hour at the rates indicated by the TAU-differ- 
ences. When the TAU-difference is multiplied 
by the number of hours between the time of the 
synoptic chart and the time that the aircraft is 
expected to cross a particular portion of the 
chart, the total change of the D-difference is 
determined. In the case depicted in Determina- 
tion of TAU-Effect, the flight planner would 
estimate the TAU-difference between points A 
and B to be —5 ft/hr. Multiplying this by the 
number of elapsed hours (say 10) from the 
synoptic time provides a change of 50 feet to be 
subtracted from the D-difference (400 feet) be- 
tween A and B. Hence the D-difference from 
the tailwind at flight time would be 400 feet — 50 
feet or 350 feet. Judging the TAU-difference 
between the points C and D to be 2 ft/hr, multi- 
plying this by the number of hours (10 x 2) gives 
20 feet to be added to the D-difference between 
the points C and D (400 feet) to obtain a D- 
difference for the beamwind at flight time of 
420 feet. These corrected D-values are then 
used instead of the values in the examples in 
the illustrations measuring the tailwind and 
beamwind components which did not apply to 
the time of flight at that position. The influence 
of TAU on D-values along both scales can most 
conveniently be determined and applied before 
the Y point (Beamwind Component Measured 
utth CD Scale) is plotted. 
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THE UsE OFS. The S-lines on the 4-D chart 
serve the same type of function as the TAU- 
lines; they provide a correction to the geostrophic 
wind when flight pressure altitude differs from 
chart pressure altitude. The use of the S-lines is 
exactly analogous to the use of the TAU-lines. 
That is, differences in S are determined with AB 
and CD scales. The total S-difference is then 
multiplied by the difference in thousands of feet 
between flight and chart altitudes. For example, 
if the difference between flight and chart alti- 
tude is 2,400 feet, the total S-difference found 
with the computer is multiplied by 2.4 (not 
2,400) to determine the total S-correction. 

To determine the sign of the S-correction, note 
that positive S-values indicate that D is in- 
creasing with increasing altitude, and that nega- 
tive S-values indicate that D is decreasing with 
increasing altitude when the aircraft is above 
chart level. If the aircraft is below chart level, 
the signs are reversed. 


Examples of Sin Use. In these examples the 
TAU-effect will be disregarded and the S-effect 
exaggerated for emphasis. The illustration, D- 
and S-Fields, is a sketch of part of a computer 
which is superimposed on D- and S-fields. The 
portion of the S-field being traversed falls be- 
tween S =0 and S = —50. These values signify 
that D does not change with altitude along the 
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S =0 line, and that D decreases 50 feet for every 
1000 feet of altitude along the S = —50 line. 


Suppose that two flight altitudes are chosen, 
one to be 2,000 feet above chart level and the 
other 2,000 feet below chart level. The resultant 
D-patterns at these flight altitudes are shown in 
the two captioned illustrations. D-Lines 2000 
Feet Above Chart Level depicts the D-pattern of 
D- and S-F elds as solid lines; the dashed lines 
indicate the D-pattern 2,000 feet above that of 
D- and S-Fields. The tailwind D-difference has 
decreased from 60 feet at the chart level to 0 feet 
at the altitude 2,000 feet higher. This is indi- 
cated by the fact that the D-difference across 
AB in D- and S-F elds is 60 feet of tailwind. But 
the S-difference across AB is 30 feet per thousand 
feet of headwind. Thus, for 2,000 feet of altitude, 
the net S-difference is 60 feet of headwind, 
which, added to the 60 feet of tailwind indi- 
cated by the D-pattern, results in a D-value of 
0 feet at an altitude 2,000 feet above that of D- 
and S-Fields. 

In contrast, the drift values illustrated in 
D- and S-Fields are additive. The D-pattern 
indicates a left drift D-difference of 200 feet, 
and the S-pattern indicates a left drift S- 
difference of 55 feet per thousand feet. This is a 
net S-difference of 110 feet for the level 2,000 
feet higher. This will result in a total of 200 feet 
plus 110 feet or 310 feet of left drift D-difference. 
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An examination of D-Lines 2,000 Feet Above 
Chart Level indicates two other features worth 
noting. The D-lines for 2,000 feet above the 
altitude of D- and S-Fields have been rotated to 
an angle between the direction of the D- and 
S-lines of D- and S-Fields. In addition, the spac- 
ing between the D-lines has decreased, indicating 
a stronger wind at the higher level. The rotation 
effect is produced by the fact that the D- and 
S-lines in D- and S-Ftelds are not parallel. The 


increased wind velocity is indicated by the fact 
that the beamwind D- and S-differences were 
strong and in the same direction. 


The case of operation at a lower altitude is 
very similar. The most important factor to be 
remembered is that the indicated S-difference 
must be applied in the opposite sense than that 
displayed on the chart. Thus, in this case, the 
previous 60 feet of headwind S-difference must 
be applied as a tailwind. When this is added to 
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the 60-foot tailwind D-difference of D- and S- 
Fields, a net tailwind D-difference of 120 feet is 
obtained. Similarly, the previous 110 feet of left 
drift S-difference must be applied as a right 
drift, resulting in the net beamwind D-difference 
of 90 feet left drift. Thus, it can be seen that 
correcting downward is effectively the same 
thing as reversing the direction of the S-pattern. 
D-Lanes 2000 Feet Below Chart Level illustrates 
the rotation of the lower D-pattern to a direction 
opposite from that shown in D-Lines 2000 Feet 
Above Chart Level. In addition, the spacing be- 
tween the D-lines has increased, indicating a 
weaker wind. 


Rules and Cautions Applicable to the Use of S. 
The greatest possibility for error in the use of 
S-lines is the incorrect application of the sign. 
The navigator must remember that the sign 
indicated on the weather chart is for use in ad- 
justing the flight levels above chart level. The 
following rules of thumb will help in evaluating 
the proper direction of application. If the S- and 
D-patterns have components in the same direc- 
tion, the wind will increase with increasing 
elevation. If the components are in opposite 
directions, the wind will decrease with increas- 
ing elevation and increase with decreasing 
elevation. When the S- and D-lines are not 
parallel, the wind direction will always change 
so that its direction is between the direction of 
the D- and S-lines with increasing altitude. With 
decreasing altitude the wind direction will change 
in the opposite sense. 


DISCUSSION OF WIND EVALUATION. The D- 
lines indicated on a weather chart are related to 
the wind vector by the geostrophic equation. 
The S- and TAU-lines are related to the change 
of wind vectors to different levels and times in 
a similar manner. The S- and TAU-values se- 
lected for analysis are such that the Hourly 
Time-Front Computer can be used to determine 
the corrections that must be applied to the 
synoptic D-chart for use at different levels and 
times. The D-, S-, and TAU-patterns can all be 
regarded as representing circulations. The same 
rule applies to S and TAU as applies to D. If 
the navigator stands with the low values on the 
left and the high values on the right, he is look- 
ing in the direction in which the circulation is 
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flowing. As a result, the S- and TAU-fields can 
be treated as if they represented separate circu- 
lations. This will frequently aid the flight planner 
in a qualitative evaluation of the wind effects. 
Caution is necessary when using the S-values to 
adjust to lower levels. 


The Time-Front Analysis 


The time front represents the farthest posi- 
tions that can be attained by an aircraft at the 
end of a given time interval. When performing 
the time-front analysis, the flight planner could 
evaluate the time fronts completely around the 
point of departure. However, as a general rule, 
the aircraft will not deviate more than a few 
hundred miles to either side of the great circle 
course. Therefore, the map area over which the 
time fronts are constructed can be restricted to 
just the possible flight area. When a point has 
been selected on one time front for the evalua- 
tion of the next time front — for example, 
point C in Examples of Time Fronts and Minimal 
Paths — it is not necessary to evaluate a number 
of headings from this point as was necessary in 
the case of the departure point. If a heading 
perpendicular to the time front is chosen and 
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the wind effect evaluated along this heading, the 
terminal point so determined will be on the next 
time front. The reason for this lies in the defini- 
tion of a time front as a locus of the farthest 
possible points. The farthest possible distance 
from a time front must lie along a heading per- 
pendicular to the time front. Any other heading 
would result in an aircraft position between the 
last time front and the next one to be determined. 


Examples of Time Fronts and Minimal Paths 
shows the method of constructing time fronts. 
The vectors marked PQ, RS, and VW represent 
true airspeed vectors. The subscripts represent 
the hour of flight. The vectors XP, XR,, and 
XV,, represent the tailwind component for the 
first hour of the flight, and the vectors Q,A), 
S,B,, and W,C, represent the crosswind com- 
ponent for the first hour of flight. These com- 
ponents are determined from the summation of 
the D-difference and the S and TAU corrections. 
The tailwind components are indicated on the 
departure side of the true airspeed vector to 
indicate that the plotter was shifted by this 
amount before determining the crosswind vector. 
The points A;, B,, and C, represent terminal 
points for the first hour of flight. After these 
points are located, the smooth curve T; is drawn 
through them. This represents the first time 
front. 


The second time front is constructed in the 
following manner: The Hourly Time-Front 
Computer is placed on the chart so that point C 
on the computer is over point A, on the time 
front T,. The heading line is oriented so that it 
is perpendicular to the time front at point A). 
The dashed lines on the computer serve as an 
aid in this orientation. These lines are them- 
selves perpendicular to the heading line, and 
making them tangent or parallel to the time 
front at point A, will automatically make the 
heading line perpendicular to the time front. 
The D-difference and the S and TAU corrections 
are then evaluated and the plotter shifted for- 
ward by the amount indicated. This shift is 
represented by the tailwind vector A,P;. The 
crosswind vector is then evaluated and plotted 
as the vector Q,.A;. The point Ay, is a point on 
the second hourly time front. Points B, and C; 
are located in the same manner and the second 
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hourly time front T: is drawn through these 
points. 


Points A;, B;:, and C; are similarly located and 
T; is drawn through them and from them 7, is 
evaluated. This process is repeated until the 
time fronts pass through or beyond destination. 
In this illustration the terminal points used in 
locating one time front serve as departure points 
for the next time front. However, this is not 
necessary for proper location of the time fronts. 
Every point on the time front will serve as a 
satisfactory departure point; in practice, new 
additional departure points are usually selected 
in regions where the exact shape of the time 
front is questionable. For example, in passing 
through a cyclone, time fronts will usually get 
a kink or cusp in them; to make a more precise 
evaluation of the shape, it is customary to use 
extra departure points in the region of cusping. 


The chart is a synoptic D-analysis of the 500- 
mb level at 2400 GMT on 18 October 1958. On 
it is superimposed the forecast TAU-field for the 
period from 2400 GMT on 18 October to 2400 
GMT on 19 October. Time fronts have been 
constructed for all routes from Westover to 
Europe. As can be seen, the time fronts are 
advanced by the westerly winds in the northern 
sections of the chart and retarded by the easterly 
flow produced by the low in the southern section 
of the chart. This low produced the cusps in the 
time fronts T,, T';, T,, etc., as has been mention- 
ed earlier. 


The minimal flight t¢me to any point in 
Europe is immediately apparent by inspection. 
If the destination does not fall on a time front, 
it is very simple to estimate what percentage the 
distance from one time front to destination is of 
the total hourly distance. However, the minimal 
flight path is not so apparent. In fact, the mini- 
mal flight path must be evaluated with the 
Hourly Time-Front Computer. 


DETERMINING MINIMAL TRACKS AND HEAD- 
INGS. After completion of the time-front anal- 
ysis, it remains to determine the minimal flight 
path and the headings required for each hour 
of flight. 


The 500-mb D-chart represents a portion of 
the synoptic D-chart for 2400 GMT, 18 October 
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Flight Planning Chart 


1958 and the prognostic TAU-field for the inter- 
val 2400 GMT, 18 October to 2400 GMT, 19 
October 1958. A time-front analysis and minimal 
path evaluation have been made for a flight from 
Goose Bay, Labrador, to Prestwick, Scotland 
(see Flight Planning Chart). Note that the time 
required for the time-front construction was 
reduced by staying within a few hundred miles 
of the great circle course. 


The minimal path and headings are deter- 
mined with the aid of the Hourly Time-Front 
Computer as follows: The computer is placed on 
the chart so-that point D falls on destination. 
The computer is then rotated until the heading 
line is perpendicular to the last time front be- 
fore destination. If destination should lie on a 
time front, the D-difference is determined with 
the CD scale on the computer. If, as usually 
happens, destination lies between two time 
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fronts, use the difference between the D-value 
at destination and the D-value at the inter- 
section of the heading line and the last time 
front before destination. The drift graphs are 
then entered as usual with the D-difference and 
the midlatitude. 


In plotting, however, the point is located in 
the direction opposite to that used in construct- 
ing the time fronts. That is, the point is plotted 
on the upwind side of the heading line rather 
than the downwind side. Holding the pencil 
point in the slot at that point, the plotter is 
moved sidewise until the pencil point is at the 
heading line on the computer. The plotter is 
then rotated about the pencil point until the 
heading line is again perpendicular to the time 
front. A point is marked on the chart through 
the small hole at point C on the heading line. 
A line is then drawn from that point to the point 











previously determined on the upwind side of 
destination. The point where this line intersects 
the time front is the point from which the air- 
craft must depart to reach destination on mini- 
mal heading. The direction of the line is the 
minimal heading into destination. 

The point on the time front determined in this 
way now serves as a “‘destination’”’ to determine 
the minimal heading to that point. This pro- 
cedure is continued until the point of departure 
is reached. However, the full length of the CD 
line is used for the remainder of the route. The 
line connecting such departure points on succes- 
sive time fronts is the minimal track. 

The illustration shows the minimal tracks 
westbound for each day of the month of October, 
1958, on which flights were made from Prestwick 
to Westover AFB. Some of these tracks departed 
almost 500 nautical miles from the great circle 
route. 


CONSTRUCTING TIME FRONTS AROUND RE- 
STRICTED AREAS. It is frequently necessary to 
plan a minimal flight around bad weather or 
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restricted areas. The problem is somewhat 
similar to what happens when ripples from a 
pebble dropped into a pool reach a small island 
in the pool. Those that strike the shore per- 
pendicularly to the direction of travel are 
obliterated, but those that go around the island 
on either side eventually come together on the 
other side of the island. To plan a flight around 
a restricted area, construct time fronts up to the 
first one that passes through the area. Then 
erase the section of the time front that passes 
through the area. From the remaining portion 
of that time front construct the succeeding time 
fronts in the normal way with those perpen- 
dicular headings which clear the restricted area. 
In addition, new time fronts should be started 
at all points of intersection of normal time 
fronts and the boundary of the restricted area. 
This is shown in Minimal Routes Around Re- 
stricted Areas. These new time fronts depart 
from the boundary (as from the original de- 
parture point) in all, rather than just perpen- 
dicular, directions. Where these new time fronts 
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intersect the restricted area, however, con- 
struction is again dropped. This procedure is 
then followed on successive time fronts; eventu- 
ally, the series of fronts will meet and cross 
beyond the restricted area. Minimal headings 
are determined in the same manner by working 
backward from destination to departure point. 
It follows that such minimal headings will take 
the aircraft over the shortest route, in point of 
time, around the restricted area. It is interest- 
ing to notice the similarity between the inter- 
secting time fronts on the far side of the restricted 
area and those through a low pressure area 
(refer back to the 500-mb D-chart for 2400 GMT, 
18 October 1958). 

DOUBLE MINIMALS AND CHECKPOINTS. Some 
of the situations which may arise in time-front 
analysis deserve further discussion. For example, 
consider the case when there are cusps in time 
fronts. If destination lies on the line connecting 
the cusps, then there are two minimal paths to 
destination — one on each side of the cusp line. 
This case is illustrated in Minimal Routes 
Around Restricted Areas. Should this situation 
arise, it is wise to evaluate the advantages and 
disadvantages of each path. For example, the 
weather along one minimal route may be better 
than along the other. Note also that the double 
minimal situation might be useful in reducing 
air traffic density by dispatching aircraft on 
both routes. 
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If specific checkpoints must be made good 
during flight, minimal paths can still be used. 
However, the checkpoints must serve as inter- 
mediate destinations and new departure points 
for new sets of time fronts. That is, the time- 
front analysis consists of the determination of as 
many minimal paths as there are “destinations.” 


HOW TO ANALYZE A WEATHER CHART 


The observational data available for analysis 
have been discussed earlier and observed winds 
and D-values were seen to be most important. 
In this respect no meteorologist should (and few 
do) begin to analyze a chart without having a 
geostrophic wind scale nearby. The use of the 
geostrophic wind scale becomes especially im- 
portant in areas of sparse data. 


Evaluating the Geostrophic Wind 


Numerous types of geostrophic wind scales 
have been devised. They have been constructed 
in the form of graphs, dividers, or transparent 
plastic overlays. The illustration shows a plastic 
overlay. Geostrophic winds can be evaluated by 
using geostrophic distances. Various geostrophic 
wind scales are used by different agencies, and 
the scale that is best adapted to one operation 
may not be the best for another. However, if the 
principle of geostrophic flow is understood, there 
should be little difficulty in adapting to the use 
of any scale that is available. 


The geostrophic wind formula was discussed 
in the Aerology chapter. It was shown there that 
geostrophic winds are proportional to the hori- 
zontal rate of change of D and inversely pro- 
portional to the Coriolis effect (or the sine of 
the latitude). Thus, as the D-gradient at any 
particular latitude becomes stronger, the wind 
speed increases. Also, since Coriolis force in- 
creases with latitude, wind speed decreases 
with latitude for a given D-gradient. These re- 
lationships are shown graphically on the geo- 
strophic wind scale illustrated. 


A scale called the geostrophic distance is given 
on some minimal flight planning charts. See the 











bottom center of the Flight Planning Chart with 
Indicated Headings. The geostrophic distance is 
convenient for converting contour shapes into 
geostrophic wind values. 

The difference in feet between D-values sepa- 
rated by one geostrophic distance unit is numeri- 
cally equal to the corresponding geostrophic 
wind speed in knots. The geostrophic distance is 


indicated on minimal flight planning charts with . 


tick marks on each 5° parallel of latitude. The 
distance between these tick marks is equivalent 
to the geostrophic distance at those latitudes. 
The use of a single geostrophic distance (which 
is quite small) to evaluate a gradient accurately 
is usually quite difficult. This is especially true 
in case of weak D-gradients. Consequently, it is 
often desirable-to use convenient multiples of 
the geostrophic distance unit. If 10 geostrophic 
distance units are used, a 10-foot D-difference 
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corresponds to a l-knot wind, a 20-foot D- 
difference corresponds to a 2-knot wind, ete. 
Hence, if dividers are set at a distance equal to 
10 geostrophic distances, the difference of D in 
10’s of feet, normal to the contours over this 
distance, will be equal to the geostrophic wind 
speed in knots. Since geostrophic distance varies 
with latitude, care should be taken to use the 
scale on the nearest latitude. 


Analyzing the D-Field 


The numerical] values of D-lines are deter- 
mined from observed and reported heights. 
Contours are usually drawn for 200-foot in- 
tervals. When the contours are labeled in 
terms of heights above sea level, on 700-mb 
charts they are usually drawn for 9,400 feet, 
9,600 feet, 10,000 feet, etc. On 500-mb charts 
they are drawn for 18,000 feet, 18,200 feet, 
18,400 feet, etc. When the contours are labeled 
in terms of D-values, they might be drawn 
for — 400 feet, —200 feet, +0 feet, +200 feet, 
+400 feet, etc. In that case, contours would 
be drawn for 9,480 feet, 9,680 feet, 9,880 feet, 
10,080 feet, 10.280 feet, etc., above sea level 
on 700-mb charts. They would be drawn for 
17,890 feet, 18,090 feet, 18,290 feet, 18,490 
feet, 18,690 feet, etc., above sea level on 500- 
mb charts. Currently, however, contours are 
drawn for 9,400 feet, 9,600 feet, or 18,000 
feet, 18,200 feet, etc., and labeled in D-values 
of —480 feet, —280 feet, or —290 feet, —90 
feet, etc., respectively. 


Using the Winds 


The relationship of the wind to contour slopes 
can be estimated fairly accurately with the 
geostrophic assumption. Consequently, the direc- 
tion and spacing of D-lines are determined from 
observations of the heights of the pressure sur- 
faces. In most cases, observations over ocean 
areas are sufficiently sparse that no ambiguities 
arise in trying to draw the D-lines so that ob- 
servations of both winds and D are represented 
adequately. In inflight situations in which dis- — 
crepancies that cannot be resolved between 
winds and D-values are encountered, the winds, 
rather than the D-values, should be favored. 
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Considering Continuity 


Neither the slope of a pressure surface nor 
its orientation change radically in short periods 
of time. Consequently, a valuable aid in the D- 
value analysis of a given pressure surface is the 
past history of the contours of that surface. The 
study of previous maps is essential both as a 
key to the present situation and as a method 
of preserving an orderly progression of move- 
ment and change of atmospheric systems. The 
necessity for maintaining this continuity is essen- 
tial for analysis as well as for prognostic purposes. 


Smoothing the Fiow and Gradients 


Keep in mind that the atmospheric circula- 
tions of interest are of a relatively large scale. 
Consequently, the field of flow represented by 
the D-field should be a smooth, continuous field. 
The same holds true for its gradient values. 
Normally, the D-field and its gradients do not 
increase and decrease in sporadic patterns. 
However, D-gradients are seldom uniform or 
constant over large areas. Rather, at places such 
as near jet streams and near fronts, both D- and 
S-lines in the lower troposphere are oriented 
somewhat parallel to these phenomena and their 
spacing is considerably closer than at other 
areas. 

Small-scale irregularities which are not ap- 
parent in two or more contours and cannot be 
associated with some surface system should 
usually be smoothed out of 700-mb and 500-mb 
analyses. On the other hand, it is erroneous to 
assume that gradients remain constant over 
large areas. Unless there is definite evidence of 
discontinuous conditions or important small- 
scale phenomena, the analysis should reflect a 
uniform progression of flow and its time changes. 
Such a smooth analysis will usually be more cor- 
rect than if sporadic changes are indicated. In 
this respect the navigator should use the classi- 
cal models of fronts, jet streams, etc., to aid him 
in depicting the most likely distribution of winds 

and D-values in regions of sparse data. 


Drawing the Contours 


Contour lines, or D lines, are lines drawn in 
such a way that they connect points of equal 
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height on a constant-pressure chart. They can 
be drawn for and labeled in terms of round 
values of D or of heights above sea level. Their 
purpose is to give the geometric heights of that 
pressure surface at all points covered by the 
chart and thereby to represent the wind field. 


On charts having a scale of approximately 
1:10,000,000, contours are normally drawn for 
all height values evenly divisible by 200 feet. 
For weak gradients, however, contour lines are 
frequently drawn for intervals of 100 feet; in 
exceptionally strong gradient cases, a 400-foot 
spacing is occasionally used. 

D-lines are first lightly sketched in black 
pencil. The sketched contour pattern is then 
adjusted for reported winds and maintenance of 
continuity. Finally, the lines are traced in 
heavily with pencil. The pencil used to draw 
contours should be carefully selected so that the 
sketching can be cleanly and easily erased. A 
mechanical pencil with a medium lead is recom- 
mended. 


Contour labels, in D-values, consist of num- 
bers representing the whole value of the line, in 
feet, for which each particular contour line is 
drawn. An open contour is labeled at both ends; 
a closed contour should be broken at one con- 
venient point to permit the entry of the label, 
usually at the northern-most position of the 
particular contour line. The labels for a series 
of closed, concentric contours should be arranged 
to form an easily read line of numbers running 
from low to high contour values. All contour 
labels should be of uniform size, their bases 
should be parallel to the adjacent circles of 
latitude, and they should be entered in the same 
color and with the same pencil used to draw the 
contour lines. Labels should be neatly printed 
and not hastily scribbled. 


In sketching preliminary contours, the navi- 
gator should not try to manipulate the pencil 
with just his fingers but make smooth sweeping 
lines, bringing his entire arm into the motion. 
He should have his hand in such a position that 
it does not obstruct the view of the reports with 
which he is immediately concerned. If he keeps 
his eyes just ahead of the pencil, he can de- 
termine the points through which the contour 
should pass. This will enable him to anticipate 





changes in the direction which the contour 
should take so that these changes may be 
smooth rather than abrupt. 

All contours are continuous lines, closing 
either within the limits of a particular chart or 
beyond the margin of the chart being drawn. 
Contour lines never cross other contour lines, 


join contour lines of different values, or become. 


broken. 


Wind direction and wind speed on a constant- 
pressure surface are of primary importance in 
drawing contours. Each contour line should be 
drawn parallel to nearby winds whose speeds 
are 10 knots or greater. The speed of the wind 
must be considered since the contour spacing is 
inversely proportional to the speed of the wind. 
That is, contour lines will be closer together in 
an area of strong winds than in an area of light 
winds. While constructing the contour pattern, 
the navigator should strive continually to represent 
the wind field accurately. 


When drawing contours, it is often necessary 
to consider the possibility of errors in the data 
entered on the constant-pressure chart. These 
errors may be due to mistakes in observational 
procedures, coding, decoding, transmission, plot- 
ting, etc. The experienced navigator must con- 
stantly bear in mind the factors which contribute 
to the wide variety of errors in data, and the 
student must remain alert in order not to be 
misled. It is possible to detect some erroneous 
height values plotted on a constant-pressure 
chart by considering the fluid nature of the 
atmosphere. Large scale motions of the air are 
most accurately depicted by a field of smooth 
contours. In general, it is proper to neglect un- 
usual departures from the over-all height distri- 
bution and draw each contour as a smooth curve, 
omitting irregularities that would exist if the 
contours were drawn to the absolute value of 
each individual height reported. However, the 
lines normally should not be smoothed if the 
irregularities are indicated in two or more adja- 
cent contours. However, when reports are sparse, 
no report should be disregarded unless thor- 
oughly checked. 


Remember: In the Northern Hemisphere, a 
person standing with the wind blowing directly 
on his back will find lower D-values to his left 
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and higher D-values to his right. The navigator 
can follow this rule in the construction of con- 
tours by orienting himself with respect to the 
winds plotted on the chart. 


INFLIGHT ANALYSIS 


A large part of inflight analysis is the thought 
and effort put forth in a flight by the navigator 
to collect and check the observed weather and 
winds against predicted weather and winds. 
When observed conditions follow predicted con- 
ditions, it is fairly safe to assume that the flight 
plan is adequate. However, when observed con- 
ditions deviate from those predicted, the navi- 
gator must exert his best efforts to determine 
why they deviate and the effect of the deviation 
on the flight. Since his observations play an im- 
portant role in inflight analysis, they should be 
considered as a part of that analysis and should 
be made with all the care necessary for an 
accurate analysis. 


The navigator is in a better position to co- 
ordinate all factors affecting the flight than any 
other individual on the flight. Meteorology has 
been emphasized in his training to a larger ex- 
tent than in that of any of the other crew mem- 
bers. His main job is to determine position and 
flight progress; hence the basic groundwork of 
flight coordination is in his hands. Although the 
mechanical functioning of the aircraft is in the 
engineer’s province, specific fuel consumption 
and its effect on the flight can best be watched 
by the navigator. The necessity for this type of 
coordination is self-evident. Since weather is the 
primary variable able to affect the flight ad- 
versely without much warning, it must con- 
stantly be analyzed in the light of flight progress. 


Contour Lines Adjacent to Track 


The configuration of the contour field is rela- 
tively simple to determine if D-values for every 
200 feet are drawn on the flight planning chart 
as the aircraft passes them. With winds deter- 
mined between fixes and D-values taken as close 
in time as possible to the fixes, the navigator is 
in possession of all the data needed to draw the 
contours along and adjacent to his track. 
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Portion of a Contour Chart Drawn in Flight 


The referenced illustration depicts a portion 
of a chart drawn by a navigator in flight. At 
0714Z the wind was found to have been 260°/35 
knots, between the 0614 and 0714 positions. The 
D-value at 0614Z was 380 feet, therefore, the 
contours to be plotted in relation to the 0614Z 
fix are the 320-foot line and the 520-foot line as 
the D-value of 380 feet falls between them. 
However, the 320-foot contour will fall much 
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closer to the fix than the 520-foot contour. To 
determine the spacing between the 0614Z fix 
and the 320-foot contour, the geostrophic dis- 
tance for a 35-knot wind at this latitude must 
be found. Since contours are usually drawn for 
200 feet of D, it can readily be seen that the 320- 
foot contour would be drawn 60 feet, or approzt- 
mately one-third of the geostrophic distance, 
from the 0614Z fix and parallel to the 260/35K 
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wind. It would also be plotted towards the lower 
pressure as the values of the contours are de- 
creasing towards the lower pressure. (The area 
of lower pressure can be determined through the 
application of Buys-Ballot’s law.) When the loca- 
tion of the 320-foot contour has been found, the 
520-foot and 120-foot contours may readily be 


plotted either side of the 320-foot contour for | 


the full value of the geostrophic distance. The 
contour segments drawn in above are shown as 
dashed lines in the chart. The chart shows that 
additional contour segments can be drawn by 
assuming that the wind velocity or geostrophic 
distance will not change appreciably in immedi- 
ately adjacent contours. As the flight progresses, 
the contour segments are joined with smooth 
lines to complete the contours. 

This procedure is the basis of inflight analysis. 
As the flight progresses the navigator using 
current information is able to evaluate the 
accuracy of the forecast and to modify it accord- 
ing to current information. Another facility 
exists to help the navigator in his prognosis of 
winds ahead. In a peacetime situation, he can 
request from weather stations ahead the latest 
observed winds and D-values for his altitude. 
This information is processed exactly as the 
inflight information; however, it gives the navi- 
gator the contours ahead of the aircraft and the 
ability to construct a current contour map of the 
area of interest. If this information is not avail- 
able, the navigator must construct his prognostic 
chart considering continuity and current infor- 
mation only. 


TAU- and S-Fields on Flight Planning Chart 


When properly determined and advanced, the 
TAU-field is quite conservative except when 
rapidly developing warm or cold advection 
occurs. Sometimes however, the TAU-field might 
be advanced too little or too much by the 
meteorologist. The navigator who draws the 
D-contours as the flight progresses is in an 
excellent position to determine the accuracy of 
the forecast TAU-field. He does this by apply- 
ing the TAU-field on his flight planning chart 
to analyzed D-values and comparing them with 
the D-contours he has drawn in flight. He should 
not be needlessly alarmed, however, if he finds 
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that specific values of TAU disagree with the 
forecast values, so long as the TAU-gradient re- 
mains the same. That is, the TAU-contribution 
to the wind will remain the same as long as the 
TAU-gradient is unchanged, regardless of the 
specific values of TAU. For example, the TAU- 
wind contribution will remain the same for the 
values +50 ft/hr to +25 ft/hr or —50 ft/hr to 
—15 ft/hr. In these cases the gradient has re- 
mained the same though obtained from different 
specific values. 


The S-gradient is the important factor in the 
determination of winds at other than flight 
altitude. Though specific S-values may vary, it 
is the gradient which is important. The S-field, 
as previously explained, is based on thickness 
values (obtained by the intersection method) 
between isobaric surfaces above and below the 
planned flight altitude. In most cases the field 
thus found and which appears on the flight 
planning chart is not changed, except as the 
meteorologist may expect air masses to become 
modified by either warm or cold advection or 
vertical motion. 


True Air Temperature 


Dynamic heating of the air in contact with 
the sensing element of the aircraft thermometer 
results from the movement of the aircraft 
through the air. This error has been described as 
heat of compression in the Basic Instruments 
chapter. The correction necessary for this error 
is dependent upon airspeed. A table of correc- 
tions is given in Chapter 2 and Volume III. 
Correct TAT’s are needed for any S-calculation 
that the navigator may find necessary. It will 


- pay to glance at the temperature gage occasion- 


ally, rather than just when filling in the hourly 
AIREP. Changing temperatures, even when un- 
accompanied by any other weather phenomena, 
often are directly related to changing wind direc- 
tuons and/or speeds. 


Description and Use of Pastagram 


The pastagram illustrated is a pressure 
altitude-temperature diagram on which atmos- 
pheric conditions are represented as deviations 
from standard conditions. It is used primarily 
to solve problems concerning vertical changes of 
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pressure-height conditions, or D-values, in air 
columns. On the left-hand side of the diagram, 
the pressure altitude scale increases in the ver- 
tical from —1000 feet to 70,000 feet of pressure 
altitude. The horizontal lines extending across 
the diagram for each 1000 feet of pressure alti- 
tude are lines of constant pressure position. 


Corresponding vaiues in millibars are shown on — 


the right side of the chart. 


The free air temperature scale is drawn across 
the chart from the lower left to the upper right 
in degrees Centigrade. Standard temperatures 
are depicted at the intersection of the pressure 
altitude and the temperature scales along the 
standard atmosphere line. To sum up, the tem- 
perature at zero pressure altitude is +15°C; it 
decreases with altitude to a —55°C at 35,332 
feet and thereafter remains constant, or isother- 
mal, to the upper limits of the diagram. The 
altitude at which the temperature becomes iso- 
thermal is the approximate height of the polar 
tropopause. 


The vertical lines at either side of the standard 
atmosphere on the pastagram represent lines of 
constant S-value. They are drawn for values of 
10-foot changes in D per 1000-foot increase of 
pressure altitude, as labeled between 60,000 feet 
and 70,000 feet in The Pastagram. 


The pastagram is most useful for calculating 
values of D at points of interest where D-values 
have not been measured or provided. For such 
calculations, two things must be known: 


(1) The value of D at some other level, but on 
the same vertical line as the pont of interest. 


(2) The mean temperature of the air along the 
vertical line between those two points. 


The mean temperature between the two points 
in question and their vertical separation are 
needed to determine the difference of D between 
those points. That difference can then be applied, 
with the appropriate algebraic sign, to the 
known D-value to obtain the unknown but 
desired value. Briefly, since S is defined to be the 
change of D per 1000-foot change of pressure 
altitude, the difference of D between the two 
points of interest is obtained by multiplying the 
mean value of S between those points by their 
separation in thousands of feet of pressure alti- 
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tude. The mean S-value between the points of 
interest is determined from a pastagram plot of 
the temperature of the column of air between 
those points. 


This kind of computation is most commonly 
used to determine values of D aloft from vertical 
soundings of temperature. The soundings are 
made above a point on the surface of the earth 
at which both pressure and true altitude have 
been measured. It is noteworthy that this pro- 
cedure must be used in meteorology to determine 
D-values aloft since no instruments are available 
(other than in aircraft) to measure accurately 
both true and pressure altitudes anywhere but on 
the earth’s surface. Consequently, the changes of 
D-values aloft are the “result’’ of two “‘causes’’: 
(1) greater or lesser surface pressure than 
standard for the elevation of the surface, and 
(2) variations of mean temperature of the air 
column from the surface to the higher level of 
interest. 


Cloud Observations 


It is important for the navigator to watch the 
general character of the clouds. When the middle- 
level clouds change in type or quantity, the 
navigator is alerted to a probable change in the 
upper-flow pattern, and should look for accom- 
panying changes in the fields of D, S, TAU, ete. 
If the middle-level clouds decrease or disappear, 
it usually indicates that he is flying into the 
region of a ridge; if the middle-level clouds are 
heavy, he is likely to be flying in the region be- 
tween a trough and a ridge. A general area of 
strong vertical development of cumulus cloudi- 
ness is frequently an indicator of an upper-level 
trough, especially in deep tropical air. 

It is not generally feasible to judge the tem- 
perature distribution in the middle upper levels 
from the clouds, because except in the lowest 
layers the stratification of clouds is not asso- 
ciated with marked changes in lapse rate. 
However, the large-scale air-mass boundaries 
which affect the S-field may often be located by 
the frontal cloud system; it is important to 
remember in this connection that the frontal 
clouds are normally confined to the warmer air 
mass. 
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OBSERVATIONS EN ROUTE 


Accuracy of Observations 


The navigator’s own observational data 
should be as nearly correct as possible. All 
applicable corrections to barometric altimeter, 
airspeed, and outside air temperature must be 
made since erroneous data will lead to an in- 
correct analysis. Types of precipitation and 
cloud forms, when their position and extent are 
known, are of extreme value in determining the 
type of air mass and the slopes of frontal sur- 
faces. Temperature changes in flight not only 
indicate the height and position of frontal areas 
but are indicative of air mass characteristics and 
vertical wind shears when expressed in terms of 
S. By systematically collecting these and other 
data, the navigator can judge the accuracy of 
the weather analysis upon which his flight plan 
was based and reanalyze a faulty analysis. 


Altimetry Observations 


Probably the most valuable of the navigator’s 
observations are the D-values he obtains. How- 
ever, a single D-value obtained from aboard an 
aircraft can be as much as 800 feet in error. If 
extreme care in the design, manufacture, in- 
stallation, and calibration of instruments has 
been exercised, and if the observational pro- 
cedures are thorough, then D-observations with 
an absolute accuracy of about 100 feet can be 
made. The individual navigator can, however, 
insure accurate determinations of differences in 
D (accurate to about 10 feet) along a flight path 
if recommended procedures are followed. That 
is, the large errors in careful determinations of 
single D-values are systematic errors which re- 
main quite constant for a given level on a single 
flight. Hence, when taking the difference be- 
tween two D-values, this systematic error is 
eliminated. 

A significant contribution to error can arise 
from faulty technique. A reliable D-value can- 
not be obtained from a single reading of the 
instruments. A minimum of four readings should 
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be taken to obtain an average reading even in 
smooth air. In rough air this should be increased 
to a minimum of 10 readings. There is a lag in 
the indication of pressure altitude by barometric 
altimeters which can be lessened by tapping the 
instrument. The navigator should watch his 
radio altimeter while tapping the barometric 
altimeter. When the pip on the radio altimeter 
shows that the aircraft is level, the navigator 
should note that reading and at the same time 
discontinue tapping the pressure altimeter. He 
then reads the pressure altimeter which, due to 
friction, will indicate the value of pressure alti- 
tude at the time of reading the absolute altitude. 
In recording readings it is seldom necessary to 
jot down more than the last two figures of the 
altitudes being read except for the first of the 
series of readings. The necessity for obtaining an 
average of many readings cannot be overem- 
phasized. 

If the pressure and radio altimeters are not 
zeroed correctly, then the observed D-values 
will have larger absolute errors. The inter- 
comparison with other observed D-values be- 
comes even less significant. Once again, however, 
the differences in D-values will be unaffected if 
the spurious zero points are constant. Error can 
also be introduced by varying the gain of the 
radio altimeter. Enough gain should be used to 
give a distinct, sharp edge to both the zero and 
altitude reference points, and the gain should 
be kept constant throughout the flight. Since 
the curve of the pip varies with the gain, enough 
gain should be used to assure reading the pip 
at its true base — not partly up the pip. Proper 
size of the circular trace track is also of prime 
importance. A light track too large or too 
small causes the pips to be read in a position 
along their structure which may give a con- 
siderable error. Circularity of the trace is main- 
tained by a minor adjustment of two north/south 
and two east /west screws within the instrument. 
It is recommended that this adjustment not be 
made in the air and, if made by the navigator, 
be done only on the ground after he has been 
checked out by maintenance personnel. 
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Radio 


INTRODUCTION 


The first aeronautical radio was used to 
enable the pilot to keep informed of the 
weather en route. The gradual development 
of directional radio equipment made possi- 
ble a system of radio ranges (beams) which 
formed aerial highways. It also made possi- 
ble the automatic radio compass with which 
radio lines of position could be obtained. 
World War II fostered the development of 
several new radio aids, the most important 
of which are loran and radar. 


More recently, the increase in air traffic 
in the United States has necessitated im- 
proved methods of instrument navigation 
and traffic control. This problem has led 
to the development of the VOR system and 
to the newer TACAN. 


Another radio aid to navigation is consol, 
invented by the Germans during World War 
II and improved upon by the British in post- 
war years. The United States version, as 
installed on the east coast, is called conso- 
lan. VOR, TACAN, consolan, and consol will 
be discussed in detail later in this chapter. 


Radio, in its broadest sense, means the 
transmission and reception of signals by 
means of electric waves without the use of 
a connecting wire. The applications of this 
phenomenon to the field of aerial navigation 
have become so extensive that a compre- 
hensive understanding is a necessary re- 
quirement for navigational proficiency. 
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The principal radio aids to navigation are 
of three types: directional, radar, and 
Loran. This chapter covers the directional 
radio aids; radar and Loran will be covered 
in separate chapters. 


Radiated electromagnetic energy suitable 
for radio communication is called a radio 
wave, The range of frequencies involved, 
called the radio spectrum, extends approxi- 
mately from 10 ke (kilocycles per second) 
to 800,000 mc (megacycles per second), and 
has been arbitrarily divided into bands (see 
Electromagnetic Spectrum). The standard 
broadcasting band of the United States (535 
ke to 1605 kc) is in the medium frequency 
(MF) band. Signals in the frequency range 
of about 20 to 20,000 cycles per second are 
within the audible range; hence this band is 
called the audio-frequency (AF) band. Heat, 
infrared, visible light, ultraviolet, X-rays, 
gamma rays, and cosmic rays all have fre- 
quencies higher than the radio-frequency 
(RF) band. 


RADIO WAVES 


Propagation of Radio Waves 


The principal difference between light 
waves and radio waves is frequency. Radio 
waves like light waves undergo reflection, 
refraction, diffraction, and absorption, and 
become attenuated (reduced in amplitude) 
as they travel from the source of radiation. 
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Electromagnetic Spectrum 


REFLECTION. fFeflection is the sharp 
change in the direction of travel of an inci- 
dent wave which occurs at the surface of a 
medium. The waves “bounce,” from the re- 
flecting surface. A common example of this 
is the reflection of a beam of light from a 
mirror as illustrated. All types of waves can 
be reflected under certain conditions. Radio 
waves are no exception. When reflection 
occurs, the angle of incidence is exactly 
equal to the angle of reflection. The subject 
of radio wave reflection will be discussed at 
greater length in the chapter on radar. 


REFRACTION. Electromagnetic energy 
emitted from a hypothetical “point”? source 
near the surface of the earth would travel 
in all directions horizontally and vertically 
in a series of ever-expanding, concentric 
spheres. A small portion of one of these 
spheres is termed a wave front as shown. 
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Spherical Wave Front 


All points on the wave front are usually 
equidistant from the source of radiation 
(the antenna) since the wave takes equal 
amounts of time to arrive at these points. 
At a considerable distance from the anten- 
na, the spherical nature of the wave front 
is less evident and it appears as a plane at 
right angles to the direction of energy prop- 
agation. 

Refraction is the bending of waves as 
they pass obliquely from one medium to 
another or through a medium of varying 
density. 

The refraction, or bending, is caused by a 
difference in the speed of the waves through 
the two mediums. In the illustration, Ref7‘ac- 
tion of Light, the left edges of the incident 
wave fronts contact the surface of the 
water before the right edges. Light waves 
travel more slowly in water than in air; 
therefore, the left edge of an incoming wave 
front is retarded before the right edge. The 
effect, then, is to change the direction of 
travel of each individual wave front and to 
bend the entire wave train. The process is 
analogous to what would happen if a solid 


object, such as a flat, wooden ruler, were to 





replace one of the advancing wave fronts. 
As soon as the end of the ruler contacted 
the water, the free end would be forced to 
swing about the water-bound end as a pivot, 


REFRACTED 


ANGLE OF 
REFRACTION 


Refraction of Light 
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and the ruler would slap against the water, 
abruptly changing its direction of travel. 

Most notable in causing refraction of 
radio waves are the various strata or layers 
of ionized gases which surround the earth. 
These layers are called the ionosphere, and 
they will be discussed in detail later in the 
chapter. The ionosphere may bend or re- 
fract radio waves sufficiently to return them 
to earth. 

DIFFRACTION. Diffraction of electromag- 
netic energy occurs when the energy travels 
near the edge of solid objects through which 
it cannot pass. Again, the concept of the 
wave front may be used to explain the 
process. The illustration shows a series of 
wave fronts being diffracted over a wall. 
The bottom edges of the wave train actually 
contact the wall (through which they can- 
not pass) while the top edges are free in 
space. The top edges must therefore pivot 
about the bottom edges, changing the direc- 
tion of travel of the waves. 





Diffraction of Light 


Diffraction can occur when a radio wave 
grazes a mountain. The effect increases, in 
general, at the lower frequencies. A radio 
wave can follow the earth’s curvature be- 
cause of diffraction. As frequency increases, 
however, diffraction diminishes. 

ABSORPTION. Absorption is the loss of 
radio energy within a medium due to its 
conversion into heat. All matter within the 
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universe has a varying degree of conductiv- 
ity or resistance to radio waves. The mole- 
cules of air, water, and dust, which make 
up the atmosphere, act to absorb the energy 
of radiation. Radiated energy is also ab- 
sorbed by objects on the surface of the 
earth, such as trees and buildings, and by 
the earth itself. 


It is common for some reflection, refrac- 
tion, diffraction, and absorption to occur at 
the same time. Thus, when radio waves 
strike the surface of some medium, they 
may be partly reflected and partly refract- 
ed. Any intervening object between a trans- 
mitter and a receiver may cause diffraction. 
The combined effect of reflection, refrac- 
tion, and diffraction is called scatter. Ab- 
sorption occurs continuously. Consequently, 
it is sometimes quite difficult to say exactly 
what has happened to a radio wave as it 
travels from one point to another. 


Behavior of Radio Waves 
GROUND WAVES. Radio waves may be 


classified generally as ground waves or sky 


waves according to the path along which 
they travel to the receiver. Ground waves 
are those which travel more or less parallel 
to the earth’s surface. Sky waves are radio 
waves which are reflected back to the earth 
from the ionosphere. An understanding of 
the behavior of ground waves and sky 
waves will improve the interpretation of the 
results obtained using different types of 
radio equipment under varying conditions. 


For convenience, a ground wave may be 
broken down into four components. These 
are the surface wave, the ground-reflected 
wave, the direct wave, and the refracted 
tropospheric wave. These components are 
illustrated in Components of Ground Wave. 

Surface Wave. The surface wave is that 
component which “hugs” the surface of the 
earth. Its range is greatly affected by the 
conductivity of the surface over which it 
travels because this conductivity will deter- 
mine the amount of absorption which oc- 
curs. Absorption increases considerably 
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with frequency so that only the lower fre- 
quency surface waves go very far before 
being completely absorbed. 

Direct Wave. The direct wave component 
is that portion of the ground wave that 
travels directly from transmitter to receiver 
through the troposphere. At the lower fre- 
quencies, the curvature in the direct wave 
component, due to normal atmospheric re- 
fraction, extends the range of the direct 
wave slightly beyond the geometrical 
straight-line horizon as shown in the illus- 
tration. 
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Geometrical Straight Line and Radio Horizons 





At the higher frequencies—VHF and 
above—this is not true, and the curvature 
of the earth is an ultimate limitation on the 
range of airborne equipments operating at 
these higher frequencies. 

Notice in the illustration that aircraft A 
cannot reach the ground station at C with 
its VHF equipment, although A can reach 
C on a low or medium frequency. Notice, 
too, that although A cannot reach C using 
VHF, it can reach B, and any message from 
A to C or vice versa could be relayed by B. 

Equipments restricted in range to the 
geometrical straight-line horizon are called 
line-of-sight equipments. Their line-of-sight 
limitation is due to two factors. First the 
amount that a radio wave is bent by atmos- 
pheric refraction decreases with an increase 
in frequency; thus, for VHF and above, the 
bending is rather slight. Second, the angle 
of refraction decreases with a decrease in 
the angle of incidence. However, for VHF 
and above the range is somewhat greater 
than visual line of sight and may be deter- 
mined by the following formula: 


D=.87x V2h 
where D is in nautical miles and h is the 
altitude of the aircraft in feet. Line-of-sight 


range will be discussed again in the chapter 
on radar. 
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Ground-Reflected Wave. The ground- 
reflected component of the ground wave is 
that portion which reaches the receiving 
antenna after having been reflected from 
the ground (or sea). This ground-refiected 
wave can cause fading of the received sig- 
nals (see Variations in Radio Propagation.) 

Refracted Tropospheric Wave. The re- 
fracted tropospheric wave is the component 
which is refracted in the lower atmosphere, 
not by the normal decrease in atmospheric 
density with height, but by sudden and non- 
uniform changes in density and humidity. 


Probably the most common cause of trop- 
ospheric refraction is temperature inver- 
sion. The conditions affecting tropospheric 
refractions may vary from minute to min- 
ute; hence, they may cause minute to 
minute fading. They may also account for 
longer ranges not otherwise attainable. 


The characteristics of the various fre- 
quencies largely determine what particular 
component of the ground wave will prevail 
along any given signal path. When the 
earth’s conductivity is high and the radiated 
frequency is low, the surface wave is the 
predominant component. Thus, for frequen- 
cies lower than VHF, the surface wave is 
most important, except in the case of air-to- 
air or short range air-to-ground. In these 
cases, the direct wave and the ground- 
reflected wave predominate. 


Frequencies in the low frequency band 
(30 to 300 kc) are used for long distance 
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ground wave communication. The ground 
losses are so small that the surface wave 
component can follow the curvature of the 
earth for great distances. The medium fre- 
quency band (300 to 3,000 kc) is used for 
long distance communication over sea water 
or medium distance communication over 
land. In the VHF band (30 to 300 mc) and 
above, the losses suffered by the surface 
wave are so great that the other compo- 
nents predominate. 


IONOSPHERE AND SKY WAVES. 


Ionosphere. That part of the atmosphere 
known as the ionosphere contains several 
layers of ionized gas. The ionized structure 
of the upper atmosphere results principally 
from the changes effected by ultraviolet 
light from the sun. In the rarefied upper 
atmosphere, ions are slow to neutralize by 
recombination because of the great distances 
between them, therefore a large number of 
free electrons and ionized particles exist. 

The highest layer, the F., is the strongest 
and most persistent, being in the region of 
most rarefied atmosphere. During the day 
this layer is about 150 nautical miles above 
the surface of the earth. Below this, the F, 
and E layers, at about 90 and 60 miles, re- 
spectively, are both weaker and less per- 
sistent than the F, layer. Below the E layer, 
the D layer readily absorbs radio waves of 
around one megacycle per second during 
daylight only. 

The ionizing rays from the sun are most 
effective when the sun is directly overhead. 


Ion production decreases rapidly after sun- 
set, and ions and electrons recombine faster 
than they are separated. By sunrise the 
three lower layers have almost completely 
vanished. The F. layer becomes weaker, but 
continues throughout the night. It gradually 
becomes lower for several hours, until it 
reaches about 90 miles, the height of the F;, 
layer during the day. During the first few 
hours after sunrise, the F. layer returns to 
its daytime height of about 150 miles. Also, 
the F, layer is apparently affected by the 
earth’s magnetic field. The distribution of 
its ion density changes when the sun is over 
the meridians of 69° W and 111° BE, the 
longitudes of the north and south geomag- 
netic poles, respectively. Conditions differ 
within the zones of maximum auroral activ- 
ity, where ionization is very intense during 
periods of strong solar emissions. This 
seriously affects radio propagation over 
paths crossing the regions. 


Sky Waves. As previously defined, a sky 
wave is a radio wave which is reflected back 
to the earth from the ionosphere, a region 
in the upper atmosphere containing several 
layers of ionized gas. Ionized air exhibits 
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a different amount of electrical conductivity 
from neutral air, and since the ionized layers 
are fairly well-defined, the effect is that of 
two different mediums adjacent to each 
other. Thus the conditions necessary for re- 
fraction exist in the ionosphere. 


The path of an advancing wave front is 
conveniently shown by a line or ray, as in 
the illustration. The vertical angle which a 
ray makes with the horizontal at the trans- 
mitter is called radiation angle. Radio waves 
leaving the antenna at a high positive radia- 
tion angle will reach the ionosphere. Here, 
one or more of four effects occurs: 


1. The energy is refracted by the iono- 
sphere, but the bending is insufficient to re- 
turn the ray to earth; therefore, it passes 
into outer space (ray 1 in the illustration). 


2. The energy is refracted enough to re- 
turn to earth (ray 2). (Although the proc- 
ess by which this ray returns to earth is one 
of refraction, the term “reflection” is more 
commonly used). 


3. The energy is absorbed in the iono- 
sphere because its low radiation angle 
causes it to remain in the ionosphere for a 
long period of time (ray 3). 





Radio Wove Propagation 
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4. The energy is absorbed in the iono- 
sphere because the intensity of ionization is 
too high. Since the intensity of ionization 
follows closely the altitude of the sun, ray 
2 might not return to earth during daylight 
hours but might return at night. 


Which of the four effects occurs depends 
upon the following factors: frequency, ra- 
diation angle, and intensity of ionization. 


Critical Radiation Angle. For every fre- 
quency, there is a critical radiation angle. 
All rays leaving the transmitting antenna 
at angles greater than the critical radiation 
angle either pass through the ionosphere or 
are absorbed by it. All rays leaving at the 
critical radiation angle or less are reflected 
but are increasingly absorbed as radiation 
angle decreases because they remain in the 
ionosphere for longer and longer periods of 
time. Thus there is a maximum and a mini- 
mum critical radiation angle. The illustra- 
tion, Effect of Ionosphere on Various Rays, 
shows the effect of a change in radiation 
angle for radio energy at a constant fre- 
quency. 


Skip Distance. For a given frequency a 
minimum distance from the transmitting 
antenna exists within which no sky wave is 
received. This minimum distance is called 
skip distance. If the distance covered by 
ground waves is less than the skip distance, 
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a skip zone occurs between the outer limit 
of the ground waves and the first of the sky 
waves. The skip distance and skip zone are 
shown in Effect of Ionosphere on Various 
Rays. As the frequency becomes higher, the 
maximum critical radiation angle becomes 
smaller. With a decrease in this angle, the 
skip distance becomes greater. 


Ionization. The third factor affecting sky 
wave reflection is the degree of ionization. 
For a given frequency, the amount of ioniza- 
tion necessary for reflection is a compromise 
between some minimum and maximum. A 
minimum amount of ionization is necessary 
to cause sky wave reflection because the de- 
gree of bending which occurs is a function 
of the number of ions present. This does not 
mean, however, that maximum refiection 
takes place during the period of maximum 
ion density. A radio signal propagates itself 
by an orderly vibration of electrons. In 
ionized air, these electrons are attracted to 
the positive ions which exist. Hence, colli- 
sions will occur. These collisions impede the 
progress of the propagated signal, and if 
enough of them occur, the signal will be 
completely absorbed in the ionosphere. The 
number of collisions which occur depends 
upon the number of positive ions present, 
so that during periods of high ion density, 
a signal tends to become completely ab- 
sorbed. 
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The number of variables in sky wave 
communication tends to make this type of 
propagation somewhat less reliable than 
ground wave propagation. The degree of 
lonization varies from hour to hour, from 
day to day, from month to month, from 
season to season, and from year to year. 
However, if this factor is thoroughly under- 
stood, frequency and radiation angle can be 
adjusted accordingly, and some remarkable 
and dependable communication results can 
be achieved. 


Variations in Radio Propagation 


TERRAIN IRREGULARITIES. Variations in 
radio propagation occur frequently in navi- 
gation, particularly in the use of loran 
and direction-finding equipment. Normally, 
ground waves are received in the same form 
as transmitted. However, if terrain irregu- 
larities such as mountains or magnetic dis- 
turbances exist between the transmitter and 
receiver, reflections and other disturbances 
may so affect the signal that it seems to 
come from a false direction. Under such 
conditions a direction-finder may be in error 
by several degrees. Similarly, a radio range 
leg may be bent or displaced, or deceptive 
multiple legs may appear. 

LAND EFFECT. If a ground wave crosses a 
coast, a change of direction called coastal 
refraction or land effect is sometimes ob- 


served. This is caused by the difference in 
conducting properties between the water 
surface and the ground. 


NIGHT EFFECT. Near sunset and sunrise, 
in a fringe area where ground waves and 
sky waves overlap, radio signals tend to be- 
come confused due to the rapid changes 
occurring in the ionosphere at such times. 
This is known as night effect. If a ground 
wave and a sky wave are received together, 
they combine algebraically. The path of the 
sky waves via the reflecting layer is longer 
than that of the ground wave. Also, the 
speed of a radio wave in an ionized layer is 
different from that in an non-ionized me- 
dium, being faster as electronic density in- 
creases. This accounts for the refracting 
power of the ionosphere, where the higher 
portion of a wave travels faster than the 
lower portion, thus changing the direction 
of the wave front. The net result of the in- 
creased path length and the changed speed 
is that two portions of a wave front leaving 
the transmitting antenna at the same in- 
stant arrive at the receiver at different 
times. 


FADING. If the two signals arrive at the 
receiver in phase, so that the crests and 
troughs arrive together, the two signals 
reinforce each other, giving a stronger sig- 
nal. If, however, they arrive in opposite 
phase so that the crest of one wave arrives 
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Multiple Reflections 


with the trough of the other, the two tend 
to cancel each other, and no signal is detect- 
able if the two components are of equal 
strength. The changing phase relationship 
of two such signals results in intermittent 
fading. 

Fading of sky waves alone occurs beyond 
the ground wave range because of the vari- 
able nature of the reflecting layer, resulting 
in changes in its reflecting power and inter- 
ference of components reflected from differ- 
ent portions. (See Loran chapter.) 


MULTIHOP SKY WAVES. Radio energy is 
also reflected from the earth. Consequently, 
when a sky wave arrives at the ground, it 
may be reflected back to the ionosphere and 
thence back again to earth, this process be- 
ing repeated a number of times. Each trip 
to the ionosphere and back to the surface 
of the earth is called a hop. Sky waves are 
designated by the number of hops that have 
occurred, and the layer at which reflection 
takes place. Thus, as illustrated, a sky wave 


may be designated as “one-hop-E,” “two- 
hop-f,” etc. Great distances may be covered 
by multihop sky waves as successive reflec- 
tions occur. 


TRANSMISSION OF RADIO WAVES 


A radio wave is an oscillating electromag- 
netic field. A continuing series of such waves 
of like characteristics is called a continuous 
wave (CW). Such a wave can be used in 
Morse code transmission, being “keyed” so 
that the signal is interrupted when desired. 
A CW radio signal cannot be heard unless 
it is made audible by a suitable method, 
such as a beat-frequency oscillator (see 
Characteristics of Radio Receivers) . 


Modulation 


A continuous wave, or carrier wave as it 
is sometimes called, may be modified in 
accordance with some characteristic of an 
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audio-frequency signal, such as that pro- 
duced by the human voice. The process of 
modifying the carrier wave in this manner 
is called modulation. After this has taken 
place, the carrier wave is called a modulated 
CW wave, and the audio-frequency signal 
causing the modification is called the modu- 
lating signal. When this form of radio trans- 
mission is used, the transmitting station 


generates the carrier wave and modulates — 


it with the message to be conveyed. 


There are four principal kinds of modu- 
lation. In amplitude modulation (AM), the 
amplitude of the carrier wave is altered. 
This is the most widely used form of modu- 
lation, being employed for low frequency 
radio ranges and beacons, most voice com- 
munication, and most commercial broadcast- 
ing. In frequency modulation (FM), the fre- 
quency of the carrier wave is altered. This 
is used in some voice communication, in 
some commercial broadcasting, in the sound 
channels of television, and in the omnirange 
system. It provides nearly static-free re- 
ception. In phase modulation, the phase 
(amount by which a cycle has progressed 
from a reference origin) of the carrier wave 
is altered. This is similar in some respects 
to frequency modulation and has some engi- 
neering advantages. An FM receiver can be 
used with either frequency or phase modu- 
lation, but not with amplitude modulation, 
and an AM receiver can be used with am- 
plitude modulation but can not be used with 
frequency or phase modulation. In pulse 
modulation (PM), very short bursts of car- 
rier wave signals are transmitted, followed 
by relatively long periods during which no 
signal is transmitted. Pulses are used in 
such navigational aids as loran, radar, and 
TACAN. 


With AM, two side bands are radiated 
whose frequencies are the sum and differ- 
ence, respectively, of the carrier and modu- 
lating frequencies. The intelligence is 
carried only on the side bands. In single side 
band transmission, the carrier and one of 
the side bands are suppressed, producing 
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narrow bandwidth transmission. Bandwidth 
is the amount of radio spectrum required 
for transmission, including the _ carrier 
wave and both side bands when present. 
Single side band transmission is desirable 
because it effects economy in the use of 
limited frequency bands. 


Navigators are interested in the charac- 
teristics of the various types of radio emis- 
sions in order to utilize their electronic 
equipment to the best advantage and to 
understand the possibilities and limitations 
of the signal from a particular radio facility. 
For example, the direction of an unmodu- 
lated CW signal can be obtained continuous- 
ly from an automatic direction finder (ADF) 
even though such a signal is inaudible in an 
ordinary receiver set for audio reception. 


Radio Transmitter 


A radio transmitter consists essentially of 
(1) a power supply to furnish direct cur- 
rent, (2) an oscillator which generates a 
radio frequency (carrier wave), (3) a de- 
vice for controlling the frequency of the 
generated signal, (4) an amplifier to in- 
crease the output of the oscillator, and (5) 
for most transmitters, a modulator to pro- 
duce modulation of the carrier wave. These 
components are shown in the schematic 
drawing. 


Antenna 


In addition, an antenna is needed to pro- 
duce electromagnetic radiation. An antenna 
assembly consists of an antenna, connecting 
wires, and all accessories. An antenna array 
consists of a group of antennas arranged so 
as to obtain directional characteristics. This 
may also be accomplished by means of a 
reflector to reflect some of the radiated 
energy in a desired direction, or one or 
more directors to concentrate the energy. 
By these and other means, the antenna or 
antennas can be given directional proper- 
ties, so that the radiated signals are much 
stronger in one or more desired directions 
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Schematic Drawing of Radio Transmitter 


or arcs than in others. This radiation pat- 
tern is also affected by the location of the 
antenna array with respect to mountains, 
water surfaces, buildings, and other reflect- 
ing surfaces nearby. 


RECEPTION OF RADIO WAVES 


Radio Receivers 


When an electromagnetic field passes a 
conductor such as an antenna, a current is 
induced in the conductor. A radio receiver 
is a device which accepts the signal thus 
induced in an antenna and transforms it into 
usable form. The output of a receiver is pre- 
sented aurally by an earphone or a loud 
speaker, or visually on a dial, cathode ray 
tube, counter, or other display. Thus, the 
reception of a radio signal involves, in gen- 
eral, three pieces of equipment: (1) the 
antenna unit, (2) the receiving unit, and 
(3) the display unit. Navigators should be 
aware of the general characteristics of 
radio receiver so as to be able to distinguish 
between suitable and unsuitable equipment 
and between good and faulty operation. 

COMPONENTS. A radio receiver consists 
essentially of electrical components capable 
of doing four things: 

1. Selecting signals of a single frequency 
(actually a narrow band of frequencies) 





from among the thousands existing in the 
atmosphere at one time and thus existing 
together in the receiving antenna. 


2. Amplifying that signal without distor- 
tion until it is sufficiently powerful to actu- 
ate succeeding devices within the receiver. 


3. Demodulating any modulated signal to 
produce a new signal of audible or other 
usable frequency. 


4. Amplifying that signal still further 
until, at the output of the receiver, it can 
operate the display unit which presents the 
signal in usable form. 


CHARACTERISTICS. Radio receivers differ 
mainly in the following respects: 


1. Frequency range, the range of fre- 
quencies to which the receiver can be tuned. 


2. Selectivity, the ability to discriminate 
against unwanted signals of other fre- 
quencies. 

3. Sensitivity, the ability to amplify a 
weak signal to usable strength against a 
background of noise. 

4. Stability, the ability to operate smooth- 
ly as the controls are varied and to resist 
drift from conditions or values to which the 
receiver is set. 

5. Fidelity, the accuracy with which the 
essential characteristics of the original sig- 
nal are reproduced. 








AUXILIARY FEATURES. Radio receivers 
may differ also in the auxiliary features 
incorporated within their design. Some of 
the more common of these are: automatic 
gain control (AGC), sometimes called auto- 
matic volume control (AVC); automatic 
frequency control (AFC); automatic noise 
limiter (ANL); beat frequency oscillator 


(BFO) ; and tone control. The gain of a re- 


ceiver is the ratio of output to input, and 
hence may be considered, in effect, a meas- 
ure of volume or “loudness” in the case of 
an audible signal. 

A beat frequency oscillator is used to ob- 
tain an audible signal from an unmodulated 
signal at radio frequency, such as a CW 
signal. This device, which may be incorpo- 
rated within a receiver, generates a signal 
at a frequency differing from the frequency 
of the received signal by approximately 500 
to 1,000 cycles. The interaction of the two 
signals produces signals of two additional 
beat frequencies equal to the sum and dif- 
ference, respectively, of the two original 
frequencies. Thus, if the intermediate fre- 
quency (IF)—a frequency to which all sig- 
nals are converted for more efficient ampli- 
fication in superheterodyne receivers—is 
456 ke and the BFO frequency is 455 ke, 
the two new frequencies are the sum of 456 
plus 455 or 911 ke, and the difference of 456 
minus 455 or 1 ke. The difference frequency, 
1 ke, is equal to 1,000 cps, which is within 
the audible range and therefore is heard if 
the BFO is turned on during reception of all 
signals. If the BFO of a receiver is turned 
off, or if none is provided, an unmodulated 
signal of radio frequency is inaudible but 
may be “seen” if suitable display equipment 
is provided. The British long-range naviga- 
tional system consol requires a receiver with 
a BFO, while an automatic direction finder 
provides a visual indication without a BFO. 

Most airborne radio receivers have only 
the minimum number of refinements com- 
patible with adequate operation because of 
weight and space limitations. 
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Interference in Reception 


Interference is the presence, in the out- 
put of a receiver, of unwanted noise or sig- 
nals from stations transmitting on the same 
or nearly the same frequency. In the latter 
case, it is sometimes called cross talk. In- 
terference intentionally produced is called 
jamming. Noise refers to the stray electrical 
signals picked up by the antenna or pro- 
duced internally within the receiver. It is 
sometimes called static or atmospherics. 


The amount of interference received may 
be closely related to the selectivity of the 
receiver. If two stations are transmitting on 
nearly the same frequency, the spread of 
frequencies at which the signals can be re- 
ceived may overlap if the receiver has low 
selectivity and may thus produce interfer- 
ence. With a receiver of sufficiently high 
selectivity to prevent overlapping or spill- 
over, there is no interference. In some navi- 
gational equipment high selectivity is desir- 
able. However, a highly selective receiver 
may not have sufficient bandwidth to ac- 
commodate all side bands of a musical 
broadcast, for example, thus reducing the 
fidelity. Therefore, the fidelity of receivers 
intended primarily for reception of naviga- 
tional signals is sacrificed to obtain greater 
selectivity, while the reverse is often true 
of receivers intended for reception of com- 
mercial broadcasts. Interference may also 
be reduced by decreasing the sensitivity or 
radio frequency (RF) gain. On some air- 
borne equipment it is possible to reduce 
interference by adjusting a manually oper- 
ated loop antenna. 

EXTERNAL NOISE. Noise can be classified 
into two main categories—external] and in- 
ternal. External noise refers to noise which 
originates outside of the receiver itself, 
while internal noise originates within the 
receiver. External noise is usually either 
natural or man-made. 

Natural. The principal natural source of 
external noise is the discharge of static 
electricity in the atmosphere. Extreme noise 
resulting from a nearby thunderstorm is 
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familiar to most listeners of home or auto- 
mobile AM radios. 


The discharge of static electricity creates 
electromagnetic waves similar to radio 
waves but of mixed frequencies, principally 
in the low and medium frequency bands. 
Therefore, they cannot be “tuned out” of a 
receiver operating at these frequencies. 
Since the amplitude of these extraneous 
waves is continually changing, they are, in 
effect, amplitude modulated, and an AM 
receiver responds to them as to any other 
signal within its particular frequency range. 
Thus, the output of the receiver contains 
not only the desired signal but also the 
noise. If the amplitude of the noise (the 
noise level) is sufficiently high to mask the 
signal, that signal cannot be interpreted 
either aurally in audio systems or visually 
in visual display systems. 


External noise may also result from the 
gradual accumulation and sudden, large dis- 
charge of static electricity picked up by 
antennas and metal-skinned aircraft in 
flight. An aircraft flying in clear atmosphere 
containing no liquid or solid particles ac- 
cumulates only a negligible electrical charge. 
However, when such liquid or solid particles 
exist in the air, they may carry an elec- 
trical charge which is transferred to an ex- 
posed antenna or to the aircraft itself upon 
impact. If a water droplet is split into two 
parts, one part tends to acquire a positive 
charge and the other part a negative charge. 
Friction of neutral particles against the air- 
foils also tends to produce a charge on an 
aircraft. When the charge on the aircraft 
exceeds the dielectric strength of the adja- 
cent air, the accumulated charge leaks off, 
resulting in a corona discharge. Under some 
conditions this becomes visible and is called 
St. Elmo’s fire. This can sometimes be seen 
at the wing tips, nose, propellers, and the 
extremities of the vertical and horizontal 
control surfaces. 


Transfer of electrical energy from rain- 
drops, dust particles, sand, and sleet causes 
the noise known as precipitation static in 
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aircraft AM receivers. It can be reduced by 
installing, on the trailing edges of wing tips 
and control surfaces, static suppressors or 
static dischargers (sometimes called wick 
dischargers). These are fibrous conducting 
tubes terminating in many fine points which 
are constantly renewed as the retaining 
wick frays in the airstream. Such discharg- 
ers allow static electricity to leak slowly 
away from the aircraft before sufficient 
accumulation can occur to permit large dis- 
charges into the atmosphere. They also 
reduce the possibility of lightning striking 
the aircraft. Precipitation static may be 
reduced either by coating the external an- 
tenna surfaces with polyethylene or by en- 
closing a loop antenna to shield it from the 
impact of charged particles. A shielded loop 
antenna rotated so that its plane is fore and 
aft sometimes provides readable signals un- 
der severe static conditions. A temporary 
reduction of airspeed may enable a naviga- 
tor to use an otherwise unreadable signal. 

Man-Made. External man-made electrical 
noise originates in electrical equipment 
within the aircraft—engine ignition, gener- 
ators, and motors being the chief sources. 
It can be virtually eliminated by the proper 
design and maintenance (elimination of poor 
electrical connections which become loose 
under vibration, proper adjustment of motor 
and generator brushes, etc.) of this equip- 
ment. 


INTERNAL NOISE. Internal noise (that 
which originates in the receiver) is the re- 
sult of random electron motion in vacuum 
tubes and other components. Internal noise 
can be greatly reduced but not completely 
eliminated by the design of the receiver. 


SIGNAL-TO-NOISE RATIO. The maximum 
range of any radio system is the range at 
which the receiver loses its ability to make 
the signals discernible to the operator. Be- 
cause of noise, this range is not determined 
entirely by the amplifying ability of the re- 
ceiver. The minimum discernible signal can 
be defined roughly as the smallest signal 
power which a receiver is able to detect and 














amplify in such a way that the operator can 
distinguish between the signal and a certain 
amount of inevitable noise. Present-day re- 
ceivers are capable of detecting and ampli- 
fying signal strengths on the order of a 
millionth of a millionth of a watt. However, 
in the process of amplifying the desired 
signal, they must also amplify the noise. 


Thus, the signal-to-noise ratio determines 


the maximum range of a given signal. The 
competence of the navigator in interpreting 
“‘noise-shrouded signals’ can greatly reduce 
the minimum usable signal-to-noise ratio, 
and thereby increase the usable range of 
the signal. This is quite evident in the oper- 
ation of loran and directional radio equip- 
ment. 


Since the frequency of most noise is less 
than 30 mc, higher frequency bands are 
relatively quiet. For this reason the VHF 
and UHF bands are increasingly utilized 
when reliable communication is essential, as 
in air traffic control circuits. On these bands, 
cosmic noise of galactic origin becomes the 
limiting factor. 

Because of the ever-present possibility of 
encountering interference or noise of such 
magnitude as to render any particular navi- 
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gational aid unusable, as well as the possi- 
bility of failure of either transmitting or 
receiving equipment, it is not wise to rely 
solely upon such an aid for safe navigation 
when it is not absolutely necessary to do so. 


ANTENNAS 


Nondirectional Antennas 


Antennas may be classified broadly as 
either nondirectional or directional. A non- 
directional transmitting antenna is one 
which radiates energy equally in all direc- 
tions. A nondirectional receiving antenna is 
one which is incapable of sensing the direc- 
tion from which the received signal comes. 
In connection with nondirectional transmit- 
ting antennas, it was stated previously that 
radio waves emanate from such an antenna 
with equal strength in all directions. This 
would be true only if the radio waves were 
transmitted from a “point” source. Actually, 
radio antennas radiate their energy perpen- 
dicularly to their length so that the term 
“nondirectional” applies only to the plane 
perpendicular to the length of the antenna. 


MOSTLY GROUND 
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The vertical, nondirectional antenna, in 
widespread use by broadcasting stations, is 
probably the most common. Such an antenna 
is usually a single metal mast mounted on 
an insulated base. Nearly all the energy of 
a vertical single-mast antenna is radiated 
in a direction perpendicular to the antenna; 
therefore, most of the transmitted energy 
travels parallel to the earth in the form of 
ground waves as shown in the illustration. 
Since the mast comes to a point at the top, 
it presents virtually no upward surface, and 
thus radiates comparatively little energy 
directly above the station. | 


Directional Antennas 


A directional antenna is one which either 
transmits or receives energy more efficient- 
ly in one or certain directions than in others. 
Thus, directional information can be ob- 
tained from a directional receiver tuned to 
any transmitter—such as a nondirectional 
commercial broadcasting station—or from 
any receiver tuned to a directional] trans- 
mitter. 


Loop Antenna 


There are many methods of achieving 
directional transmission and reception, but 
the loop antenna is perhaps the simplest and 
the most widely used in airborne navigation- 
al equipment. The loop antenna can be used 
for either directional transmission or direc- 
tional reception. 


DIRECTIONAL PROPERTIES. In the illustra- 
tion, A and B are the cross sections of a 
loop of wire. The light and dark areas show 
the horizontal component of an advancing 
electromagnetic wave train. The light areas 
represent the maximum negative peaks of 
the magnetic field, and the dark areas rep- 
resent the maximum positive peaks. The 
peaks of the advancing signal are seen to 
arrive at both A and B at the same time. 
Whenever there is relative motion between 
a magnetic field and a conductor, a current 
is induced in the conductor, and the direc- 
tion of current flow depends upon whether 
the field is expanding or collapsing. The 
dark areas of the illustration may be likened 
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Plan View of Loop Antennas in an Electromagnetic Field 
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to an expanding field so that the currents 
induced in both A and B tend to flow out 
of the page. Since A and B are parts of a 
loop, these currents “buck” each other and 
no current flows; therefore, no signal is 
transferred from the propagated field to the 
loop. However, if the loop is situated with 
respect to the field as shown at C and D, 
one part of the loop (C) is seen to be cut 
by an expanding field (dark area) while the 
other part (D) is being cut by a collapsing 
field (light area). In this case, the induced 
current flows out of the page in C and into 
the page in D, and maximum current flows 
in the loop. Thus, the energy transferred to 
the loop from the propagated field is maxi- 
mum when the loop is oriented perpendicu- 
larly to the direction of wave travel. The 
optimum effect occurs when C and D are 
one-half wave length apart. However, ex- 
cept for the higher frequencies, this spacing 
is impractical for other than ground instal- 
lations. 

POLAR DIAGRAM. The directional proper- 
ties of a receiving or transmitting antenna 
may be portrayed by means of a polar dia- 
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gram. This is a diagram showing the field 
intensity or signal strength as a function of 
relative bearing. Suppose the illustration 
represents the top view of a vertical loop 
in a uniform magnetic field moving in the 
direction shown. Suppose, further, that as 
the loop is rotated clockwise around its ver- 
tical axis, the following voltages are meas- 
ured at the respective positions: 


Angle between radio path| Microvolts induced 
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Polar Diagram, Figure Eight Pattern 
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If these numerical values of direction and 
voltage are plotted from a common point a 
polar diagram results as illustrated. From 
such a diagram, the theoretical response of 
an antenna to radio waves of any angle of 
incidence can be measured. For example, 
minimum signal exists at 90° and 270°. Ata 
relative bearing of 45°, the length of OA 
shows signal strength to be a little more 
than 7 microvolts. All points of a loop an- 
tenna, which is small in relation to wave 
length, plot on two circles, forming a figure 
eight pattern. The same general pattern re- 
sults whether the antenna transmits or 
receives energy. 


NULL. The table and the polar diagram 
illustrate three important features of loop 
antennas: 


1. A small change of direction near a 
minimum produces a very much larger 
change in signal strength than an equal 
change of direction near a maximum. For 
example, as shown in the polar diagram, a 
change from 90° to 60°, an increment of 
30°, produces a change in signal strength 
from 0 to 5 microvolts; a change from 0° 
to 30°, still an increment of 30°, produces 
a change in signal strength of only 1.3 
microvolts. 


2. Signals are minimum in two directions 
relative to the incident wave, 90° and 270°, 
and maximum in two directions, 0° and 
180°. 

3. The phase of the antenna output re- 
verses on opposite sides of the 90° - 270° 
direction. 


Because of the first feature mentioned, 
more accurate bearings are obtained by 
noting the direction of minimum rather than 
maximum signal. A region of minimum sig- 
nal, called a null, can usually be detected 
aurally when the plane of the loop is per- 
pendicular to the direction of the radio sig- 
nal (as the loop AB in the plan view). Be- 
cause of the second feature, two nulls exist 
180° apart in the horizontal plane. Thus, a 
radio direction finder with a simple loop is 





subject to 180° ambiguity. Ordinarily, the 
bearing of the transmitting station is known 
with sufficient accuracy to resolve the un- 
certainty. However, this is not always true, 
and it is desirable to have a method of 
resolving the ambiguity, or determining the 
sense of the incoming signal. This is accom- 
plished by means of the third feature, com- 
bining the output of a loop antenna with 
that of a single wire antenna. A single-wire 
antenna is nondirectional in a_ horizontal 
plane; therefore, its pattern of received 
signal strength is a circle centered on the 
antenna, and the phase is the same in all 
directions. 

COMBINED WITH VERTICAL ANTENNA. 
When the various signals from the loop an- 
tenna are combined with the signal from 
the vertical (or sense) antenna, they will 
be either in phase or out of phase depending 
on the relative bearing of the transmitter. 
If they are in phase, their outputs will be 
additive; if they are out of phase, they will 
tend to cancel each other. The combined 
outputs of a given loop and vertical wire 
antenna system are as follows: 


Output of 
Angle of Output of Open 
Incidence Loop 


Combined 


Antenna Output 





If the combined output is plotted on a 
polar diagram, as illustrated, a cardioid or 
heart-shaped pattern results. Comparison of 
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the polar diagram and the cardioid pattern 
reveals two major differences: (1) only one 
minimum appears in the cardioid, and (2) 
the single minimum or null is 90° away from 
those of the simple loop pattern; that is, 
the single null is now in the direction of the 
transmitting station (180° away from the 
maximum) and there is no ambiguity. 


These convenient properties of a com- 
bined signal from a loop and vertical-wire 
antenna system make possible the automa- 
tic radio compass which continuously pre- 
sents on a dial the bearing of a radio trans- 
mitting station to which it is tuned. 


RADIO RANGES 


Across the United States and Canada 
stretches a series of well-defined pathways 
of radio signals, constituting aerial high- 
ways, properly called airways. The signals 
which form the basis for these airways 
emanate from a network of several hundred 
ground transmitting stations known as 
range stations. 
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Radio navigation is very similar to visual 
navigation such as following a railroad 
from one check point to another. The great- 
est difference between the two is the sub- 
stitution of aural signals for visual refer- 
ences and check points. 


Two types of low-frequency ranges in 
general use in the United States today are 
the loop (L) range and the Adcock (A) 
range, named for the type of antenna used 
on each. The Adcock is frequently referred 
to as the transmission line (TL) range. The 
majority of the low-frequency ranges utilize 
the 200 to 400 kilocycle band. The following 
power classifications are used on loop and 
Adcock ranges: 


1. Loop ranges and Adcock ranges which 
have power of 150 watts or more are desig- 
nated RL and RA respectively. 


2. Loop and Adcock ranges which have 
medium power of 50 to 150 watts are desig- 
nated MRL and MRA respectively. 


3. Loop ranges of less than 50 watts are 
designated ML. There are no Adcock ranges 
of less than 50 watts. 


Loop Type Radio Range 


The antenna of the loop ranges consists 
of two rectangular-shaped loops constructed 
at right angles to each other. Poles suspend 
the loops in the vertical plane. The dimen- 
sions of each loop are about 40 by 300 feet. 
The field pattern of each loop is identical to 
that of the loop receiving antenna described 
in the section on directional antennas. Thus, 
each loop forms a figure eight, and the com- 
bined pattern is a clover leaf as shown. 

A AND N SIGNALS. One of the antennas 
is used for broadcasting the N signal and is 
called the N antenna. The other antenna is 
used for broadcasting the A signal and is 
called the A antenna. When voice is being 
transmitted, both antennas are used. 

The transmitter produces a modulated 
carrier wave with an audible tone of 1020 
cycles per second. This solid tone is fed by 
a keying device alternately to the two an- 
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Combined Pattern Forms 4-Course Range 


tennas in this sequence: dash, dot, dot, 
dash, dash, dot, dot, dash, etc. This results 
in an N signal (dash dot) on the N antenna 
and an A signal (dot dash) on the A an- 
tenna. Actually, a solid tone is broadcast, 
but because of the directional quality of 
each antenna, a well defined N or A signal 
is created in the quadrants and the solid 
tone can be heard only when the signals 
from the N and A antennas are received 
with equal intensity. Once each 30 seconds 
the A and N keying is discontinued and the 
station call letters are transmitted twice, 
first over the N antenna and then over the 
A antenna. 


N 
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ZONES. By utilizing two loop antennas at 
right angles to each other, a pattern is pro- 
duced with two figure-eight patterns at 
right angles to each other. Because of the 
keying of the signal, the directional quality 
of the antennas, and the relative position 
of the two figure-eight patterns, the follow- 
ing zones are formed: 


1. The quadrants: These are _ sectors 
where one signal predominates. Generally, 
the beams are oriented so as to be directed 
along the airways. Hence, in some cases the 
angle between beams is not 90°, and oppo- 
site beams are not always 180° apart. Each 
N and A sector is always called a quadrant, 
regardless of the number of degrees in- 
volved. 


2. The on-course (or beam) zone: This is 
a line where the N and A signals blend to- 
gether to form a solid tone. 


3. The bi-signal zone: This is the area of 
overlap of the two figure-eight patterns. 
The on-course zone is in the center of this 
zone. On either side of the on-course zone, 
the N and A signals are heard with unequal 
intensity. In the N quadrant the N is dis- 
tinguishable as an N, and the A appears to 
form a solid background tone. In the A 
quadrant the A is distinguishable as an A, 
and the N appears to form a solid back- 
ground tone. The width of the bi-signal zone 
and its area are dependent upon receiver 
sensitivity and volume control. It is noted 
that the first identification signal being 
broadcast over the N antenna has the same 
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Interlock of A-N Signal 








volume level as the N signal, and the second 
identification signal broadcast over the A 
antenna has the same volume level as the 
A signal. 

The combined pattern indicates that at 
point X of the combined pattern, northwest 
of the range station, the signals from both 


antennas are equal, and the monotone is. 


heard. At Y, the signal from the N loop is 
stronger than that from the A loop, and 
hence the sound of the N predominates over 
the background of A. At Z, the N signal 
is maximum and the A signal is zero, so no 
background tone is heard between the dash- 
es and the dots. This situation exists in both 
N quadrants, at the two points Z. Similar- 
ly, at the two positions Z’, in an A quad- 
rant, only the A signal is heard, as shown. 


4. Cone of silence: This is the area over 
the station in which no signal is heard. 


Adcock Simultaneous Range 


The Adcock range was developed to over- 
come several! disadvantages of the loop-type 
range. It has replaced the loop-type range 
at important air terminals and airway inter- 
sections. 





Adcock Antenna System 
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The Adcock range uses steel towers ap- 
proximately 125 feet high (called vertical 
radiators), instead of the suspended loops. 
Two towers placed approximately 800 feet 
apart, and fed alternating current 180° out 
of phase, radiate a figure-eight pattern es- 
sentially the same as the pattern made by 
the vertical portions of a loop. The trans- 
mission lines from the transmitter to the 
towers are buried and shielded, thus reduc- 
ing the radiation of sky waves and eliminat- 
ing night effect, a disadvantage of the loop- 
type range. By placing two pairs of such 
towers at right angles to each other, the 
same signal zones are formed as are formed 
by two loops. A fifth tower, located in the 
center of the other four, transmits a con- 
stant carrier wave that is used for the 
simultaneous voice facility. 


The center tower broadcasts omnidirec- 
tionally a continuous carrier wave on the 
station’s assigned frequency. The outlying 
towers broadcast an unmodulated carrier 
wave to form the signal pattern, always 
using a frequency of 1.02 kc higher. For 
example, a station with an assigned fre- 
quency of 250 kc broadcasts a signal from 
the outlying towers on a frequency of 
251.02 ke. Beating the two frequencies to- 
gether produces a frequency of 1.02 ke or 
1020 cycles per second (the difference) to 
give the modulated tone in the headset. A 
filter system is employed to prevent inter- 
ference between the range operator’s voice 
and the range signals, when voice broad- 
casts are made. 


Course Positioning 


As stated previously, the four beams of 
most radio ranges are not evenly spaced at 
90° angles. Variation in the direction of a 
course is accomplished by changing the sig- 
nal pattern, making some lobes stronger or 
weaker as necessary. Thus, the on-course 
beam, area of equal signal strength, is 
shifted toward the weaker quadrant. Fol- 
lowing are a few of the methods used to 
change the direction of the courses. 
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1. Changing antenna power: This can be 
done in one or both loops, or in any combina- 
tion of vertical radiators either separately 
or in pairs. 

2. Utilizing a goniometer: A goniometer 
is an integral part of the transmitter that 
is used to regulate the phasing of the 
signals. 


3. Adding extra antennas: Addition of 
parts of antennas with absorption or radia- 
tion qualities can alter the signal pattern. 


In the United States, the quadrant con- 
taining the true inbound bearing of 180° is 
designated as the basic N quadrant. If a 
range leg falls on this bearing then the 
basic N quadrant is the northwest quadrant. 


Range Irregularities 


There are several types of range irregu- 
larities which bear such titles as swinging 
beams, split beams, bent beams, multiple 
beams, false cones, and misaligned beams. 
Causes of these irregularities can be 
grouped under the following two general 
headings: (1) reflection of radio waves, and 
(2) mechanical defects of the transmitter. 


A radio wave can be reflected or ab- 
sorbed by many objects such as the terrain, 
ore deposits, metallic structures, or the 
ionosphere. If a reflected wave comes to- 
gether at some point with a wave that has 
not been reflected, an increase or decrease 
in signal intensity might result. This change 
in intensity results from the relative phas- 
ing of the two waves. The degree to which 
the reflected wave may be in or out of phase 
with the wave that is not reflected is de- 
pendent upon the difference in the distance 
traveled by the waves. The following is an 
example of how wave reflection can cause 
a misaligned beam. An aircraft is flying 
toward a station on a path which should 
give an on-course signal (A and WN signals 
received with equal intensity). However, 
the N signal is affected by a reflected wave 
in such a way that its intensity is decreased. 
The navigator, therefore, hears a distinct 


A signal with the N forming the background. 
This leads to a false conclusion as to the 
position of the beam and a consequent error 
in the position of the aircraft. 


Irregularities resulting from ground wave 
reflection are usually permanent in nature, 
and notices of the reliability of a range 
or portion thereof are usually reported 
either in NOTAMS or RADIO FACILITY 
CHARTS. Irregularities caused by sky wave 
reflection can be expected on any loop range 
at night. Irregularities resulting from me- 
chanical malfunction are usually temporary 
and are quickly corrected; however, they 
may be reported either in NOTAMS or the 
remarks section of the hourly teletype 
report. 


AUTOMATIC RADIO COMPASS 
(AN/ARN-7 AND AN/ARN-6) 


Principles of Operation 


The automatic radio compass is a device 
for automatically measuring the direction 
of travel of incoming radio waves. It con- 
sists essentially of a straight-wire antenna 
(the sense antenna), a loop directional an- 
tenna, a multiband radio receiver, and a 
bearing indicator. The receiver is operated 
by remote control from a control box at the 
navigator’s or pilot’s position. The desired 
band of frequencies is selected by turning 
the band switch, and the station is tuned 
in by turning the tuning crank. Optimum 
tuning is indicated by maximum deflection 
of the tuning needle or by maximum audio 
volume. Audio volume and light intensity 
are adjusted by the appropriate controls. 

When the control switch is turned to the 
LOOP position, a shielded loop antenna is 
connected to the receiver. The loop is ro- 
tated electrically by turning the LOOP L-R 
switch until a null is heard in the earphones. 
The relative direction of the line of the null 
is continuously shown by the bearing indi- 
cator needle, which is electrically coupled 
to the loop. In this control switch position, 
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Resolving Signal Ambiguity 


180° ambiguity exists. Thus, if the needle 
indicates a bearing over the right wing, it 
is equally possible that the direction of the 
station is over the left wing. This is easily 
resolved unless the station is nearly direct- 
ly ahead or aft. If a constant heading is 
held for a few minutes and the null ‘“‘moves” 
counterclockwise, the station is to the left 
of the aircraft. Conversely, if it “moves” 
clockwise, the station is to the right. This 
is illustrated in Resolving Signal Ambiguity. 

Turning the control switch to the COMP 
position connects a sensing antenna to the 
loop and couples in a mechanism which au- 
tomatically rotates the loop until the single 
null of the cardiod pattern is in the direc- 
tion of the station to which the receiver is 
tuned. An automatic volume control (AVC) 
circuit is also connected; consequently, 
range orientation requiring the aural detec- 
tion of an increase or decrease in signal 
strength should not be attempted in the 
COMP position. 

Course reversal (the receipt of A’s in an 
N quadrant or N’s in the A quadrant) on a 
radio range can sometimes occur: (1) when 
AVC is connected by setting the switch to 
COMP and the receiver is slightly mistuned 
at the same time that the audio volume con- 
trol is set for excessive volume, or (2) 
when the signal is received on a large air- 
craft using an asymmetrical antenna. 


The first condition given above is due to 
the nature of any automatic volume control 
system. The purpose of AVC is to strength- 
en weak signals and to weaken strong sig- 
nals in order that the signals heard have a 
constant volume. If, in a bi-signal zone, the 
AVC acts to reduce the stronger signal to a 
value less than that of the weaker signal, 
the weaker signal will predominate, indi- 
cating the ‘“‘wrong’’ quadrant. For this rea- 
son, when flying under the conditions 
described, the audio volume control at the 
receiver should be kept low. If the aircraft 
has an interphone system servicing several 
stations, the dangerous condition is not cor- 
rected by reducing volume at a remote sta- 
tion while the audio control on the receiver 
itself is set for excessive volume. 

If the control switch is set to the ANT 
position, a nondirectional antenna is con- 
nected to the receiver, which then operates 
as an ordinary radio without directional 
properties. 


Components 


There are two standard radio compass 
sets in use in the Air Force, the AN/ARN-7 
and AN/ARN-6. The ARN-6 is the newer 
design, and though it is similar to the 
ARN-7 in principle and employment, it is a 
much lighter, smaller, and improved piece 
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Control Box for ARN-6 


of equipment. The salient differences be- 
tween the two sets will be pointed out in 
the discussion that follows. 


The two components of the radio compass 
of primary concern to the navigator are the 
control box and azimuth indicator. Usually 
a second control box and azimuth indicator 
are located in the pilot’s compartment. The 
radio compass equipment is remotely con- 
trolled from either of the two control boxes. 
The control boxes for the ARN-6 and the 
ARN-7 are illustrated. 


CONTROL Box. Each control box has the 
following controls: 


1. Control switch. This switch is used in 
dual-control installations to obtain control 
of the equipment. On the ARN-7 control box 
it is located on the lower right corner, and 
on the ARN-6 control box it is either the 
CONT position of the function switch (see 3 
below) or the center of the band selector 
switch. When turned to CONT, or when 
pressed, this switch transfers control from 
one control box to the other. On the ARN-7, 
a green light will show on the box having 
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Control Box for ARN-7 


control. On the ARN-6, control is indicated 
by a change in the tuning meter needle from 
a position of maximum clockwise deflection 
to some lesser value or by illumination of 
the tuning meter scale and the frequency 
dial when the light switch is in either the 
HI or LO position. At times, the control 
switch will not take control away from the 
other installation if the function switch of 
the other control box is off. In this case, the 
control switch should be held firmly for a 
few seconds or the function switch of the 
other control box turned to any “‘on’’ posi- 
tion (ANT, COMP, or LOOP). 


2. Tuning controls. The band _ selector 
switch selects the desired frequency band. 
Both the ARN-6 and ARN-7 have a 4-posi- 
tion switch that selects one of the following 
frequency bands: 100-200 kc, 200-410 kc, 
410-850 kc, and 850-1750 kc. The TUNING 
crank controls the fine frequency setting 
within the selected band. Occasionally the 
tuning dial gets out of adjustment. When 
this happens, the tuning dial will not give 
an accurate indication of the frequency ac- 
tually being received. However, this situa- 
tion can be easily remedied. 

Turn the band selector to the 850-1750 
band. Then turn the TUNING crank full 
counterclockwise. Just beyond the 850 mark 
the tuning dial will show an ALIGN mark. 





Align Mark with Lubber Line 


Next, disconnect the tuning cable, located 
on the bottom surface of the control box. 
Using the TUNING crank, line up the ALIGN 
mark with the reference line on the tuning 
dial and reconnect the tuning cable. The 
cable and the tuning dial are now aligned 
on that control box. Other control boxes, 
even on a dual installation, must be adjusted 
in the same manner. The TUNE FOR MAX 
meter gives a visual indication of the tuning 
accuracy. This meter will be more fully dis- 
cussed in a later paragraph. 


3. Function switch. On the ARN-7, this 
is a 4-position switch: OFF, COMP, ANT, and 
LOOP. On the ARN-6, it has these positions 
plus a CONT position discussed in one above. 
On both sets the purpose of the switch is to 
control the manner in which the radio com- 
pass operates. 

In the OFF position, the receiver is inop- 
erative. 


In the COMP position, the sense (nondi- 
rectional) antenna, the loop antenna, and 
the automatic loop control circuits are ener- 
gized. Thus, the azimuth indicator needle 
automatically points in the direction of the 
station to which the set is tuned. The AVC 
function is also energized. 


In the ANT position, only the nondirection- 
al antenna is being used to receive the sig- 
nals. Thus, the radio compass operates as 
an ordinary, nondirectional receiver. 
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In the LOOP position, only the loop antenna 
is energized, and the azimuth indicator 
needle shows the direction of the hole in 
the loop, that is, it points in a direction per- 
pendicular to the plane of the loop. Thus, 
when the plane of the loop is parallel to the 
longitudinal axis of the aircraft, the indi- 
cator needle points either to 90° or 270°. 
Conversely, when the plane of the loop is 
perpendicular to the longitudinal axis of the 
aircraft, the indicator needle points either 
to 0° or 180°. This will hold true, of course, 
only if the azimuth indicator is ‘‘zeroed” 
(see paragraph on azimuth indicator). In 
the LOOP position of the function switch, the 
loop is rotated, not automatically, but man- 
ually by means of the LOOP L-R switch. 


4. Loop L-R switch. As stated above, this 
switch is energized only when the function 
switch is on Loop. On both the ARN-6 and 
ARN-7 the switch is spring loaded. On the 
ARN-7, two speeds of loop rotation are pos- 
sible. The loop turns at the “slow” speed 
when the LOOP L-R switch is merely turned 
to the right or left; if this switch is de- 
pressed as it is turned, the loop rotates at 
the “fast” speed. 


5. Audio control knob. This is a volume 
contro] labeled VOLUME on the ARN-6 and 
AUDIO on the ARN-7. The control serves the 
same function on both sets. On COMP posi- 
tion, it controls the sound intensity in the 
headset but does not affect the sensitivity 
of the receiver. This is called automatic 
volume control and is the reason why the 
COMP position should not be used when 
“flying” the radio range, that is, orienting 
the aircraft according to the nature and in- 
tensity of the range signals received. On 
ANT and LOOP positions, the audio control 
actually varies the sensitivity of the re- 
ceiver. Where two control boxes are being 
used, it is possible to vary the volume at 
the box not in control only if its function 
switch is on COMP or OFF. 


6. Light control. This controls the illu- 
mination of the various dials. 
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Pointer Shows Position of Loop 


7. CW-voice switch. On the ARN-6, this 
switch is located in the lower right-hand 
corner of the front panel of the control box; 
on the ARN-7, it is located on the bottom 
surface of the control box. The main pur- 
pose of this switch is to obtain better re- 
ception of unmodulated signals. As stated 
previously, a CW signal cannot be heard un- 
less it is modulated by some means, such as 
a beat-frequency oscillator. A radio trans- 
mitter does not modulate continuously. 
There are momentary silent periods in any 
transmission, such as the break between the 
dot and the dash in an A signal. Under cer- 
tain conditions, as when taking an aural 
null bearing, these breaks or silent periods 
can cause false nulls and, therefore, erron- 
eous bearings. However, if a modulating 
signal, generated in the receiver, is added 
to the incoming signals, there will be no 
breaks (or relatively weak ones) in the sig- 
nal and a continuous tone will be heard. 
This is the main purpose of the CW-VOICE 
switch. It has the limitation that unless the 
station is very close, voice transmissions 
cannot be heard when it is in the CW 
position. 


AZIMUTH INDICATOR. The azimuth _ in- 
dicator used with the ARN-7 shows a 
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pointer and a 360° scale graduated in divi- 
sions of 1° as illustrated. The scale may be 
rotated by turning the knob marked VAR. 
The triangular index is in line with the lon- 
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gitudinal axis of the aircraft and represents 
the nose of the aircraft. 


When the radio compass is operated on 
COMP position, the pointer automatically 
indicates the relative bearing, the magnetic 
bearing, or the true bearing of the station 
from the aircraft, depending on the setting 
of the azimuth scale. This is shown in the 
accompanying illustration. With zero of the 
scale set opposite the triangular index, the 
arrowhead of the pointer indicates the rela- 
tive bearing; with the true heading or mag- 
netic heading of the aircraft set at the 
index, the indicated bearing will be the true 
or magnetic bearing, respectively. 
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Read TB Directly 
When TH is set 
at Index 


The azimuth indicator of the ARN-6 is 
identical to that of the ARN-7, except that 
the dial is smaller and is graduated in divi- 
sions of 2°. 


INTERPHONE JACK-BOX. Normally, the 
headset is plugged into the interphone jack- 
box which operates as a selector for the 
various communications systems within the 
aircraft. If the aircraft is equipped with the 
BC-1366 jack-box, the jack-box selector 
switch must be placed on COMP in order to 
hear signals from the radio compass. 


Some aircraft are equipped with inter- 
phone equipment AN/AIC-3 shown in the 
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captioned illustration. This is a flexible in- 
tercommunication system for aircraft nor- 
mally having from two to five crew stations. 
With this system, the toggle switch must 
be in the AUTO position and the filter selec- 
tion switch on VOICE, RANGE, or BOTH, de- 
pending on the particular signals desired. 

Should the jack-box become inoperative, 
the headset may be plugged into a jack on 
the bottom of the control box on some sets. 

Regardless of the manner in which the 
radio compass is to be used, the tuning pro- 
cedure is as follows: 

1. Set interphone control panel to COMP 
and turn interphone volume knob fully 
clockwise. 


2. Turn the function switch to ANT. 


Note 





The most accurate tuning is accom- 
plished on ANT position because: (1) 
on COMP, the AVC action tends to keep 
the signal intensity constant making it 
difficult to recognize the greatest signal 


intensity either by aural means or by 
use of the tuning meter, and (2) on 
LOOP, the loop antenna may be in a null 
position for the station desired, and the 
station may not be heard. 


3. Insure that the control box Being used 
has “control.” 


4. Turn the band-selector switch to the 
frequency band desired. 


5. Rotate the tuning crank until the tun- 
ing dial indicates the desired frequency. 
Rock the crank back and forth to find the 
position of greatest aural intensity. Listen 
for the station identification to insure that 
the station being received is that desired. 


6. Adjust the audio volume control to 
obtain the desired level of signal strength. 


The tuning procedure outlined is pre- 
ferred under normal atmospheric conditions. 
However, if precipitation static causes poor 
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reception on ANT, turn the function switch 
to Loop. Then rotate the loop with the 
LOOP L-R switch until the signal strength is 
at a maximum. (This procedure is not to be 
confused with the use of the loop to obtain 
an aural null bearing; the procedure dis- 
cussed here is a tuning procedure.) Since 
the loop is electrostatically shielded, much 
of the precipitation static will be eliminated. 

In connection with step six above, the 
clarity of the radio range orientation signals 
—the A’s and N’s—depends on correct ad- 
justment of the audio volume control. When 
listening to voice transmissions, this control 
is adjusted for a comfortable headset level. 
However, for the best definition of A or N 
signals on either ANT or LOOP, the audio 
control should be set as low as practicable 
in order to detect more easily the fading 
and building of signal strength. 

When “flying” the beam, the AVC action 
of the COMP position causes the beam to 
appear to be wider than it actually is. There- 
fore, COMP should not be used for this 


purpose. 


Obtaining Bearings 


As previously described, radio compass 
bearings may be obtained by either of two 
methods, the automatic method and the 
aural null method. 


AUTOMATIC METHOD. 


1. Tune the set. If two or more stations 
are to be used, tune in and identify each 
station, recording the exact tuning dial 
reading of each. This makes it possible to 
change rapidly and accurately from one sta- 
tion to the other, minimizing the time delay 
between the bearings. When using COMP 
position, always tune for maximum deflec- 
tion of the tuning needle. 

2. Set the true heading of the aircraft at 
the triangular index of the azimuth indi- 
cator. The bearings read will then be true 
bearings. 

If radio direction finding (RDF) charts 
are being used, set magnetic heading on the 








azimuth indicator. In this case, the bearings 
read will be magnetic bearings and may be 
plotted directly on the RDF charts. 


3. Turn the function switch to COMP. 
Occasionally the pointer on the azimuth in- 
dicator will spin violently when the function 
switch is turned to COMP. When this occurs, 
switch immediately to any other position 
and wait for the pointer to stop spinning. 
Then turn back to COMP. Repeat if neces- 
sary. Tuning the set to another station will 
have no effect since this rapid spinning is 
caused within the set itself. 


4. After taking any individual true bear- 
ing, check to see that the aircraft heading 
has not changed during the interim. If there 
has been a change in heading, the bearing 
read must be corrected by the amount of 
the difference between the true heading 
after the bearing was taken and that set on 
the azimuth indicator. 


Bearings taken over the nose or tail of 
the aircraft are generally more reliable than 
those taken over the wings. When bearings 
are taken over the wings, the wings them- 
selves should be horizontal. If necessary, 
instruct the pilot to hold the aircraft level 
when taking bearings. 


AURAL NULL METHOD. Aural null bear- 
ings are those obtained through the use of 
the loop antenna only. They differ from 
automatic radio compass bearings which de- 
pend upon a combination of signals from 
both the loop and sense antennas. 

Aural null bearings are used when it is 
impossible to obtain accurate automatic 
bearings. This may occur, for example, when 
the nondirectional (sense) antenna becomes 
inoperative (in which case the azimuth 
pointer will rotate slowly while the set is 
on COMP), when nearby thunderstorms 
cause the pointer to fluctuate erratically, or 
when the desired station is too distant to 
obtain a steady indication of its bearing. 

The name “aural null’ derives from the 
fact that, when the plane or hole of the loop 
is perpendicular to the station-to-aircraft 
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bearing, the loop is at a minimum signal 
position and the station cannot be heard. 
Finding the direction of the station, then, 
involves turning the loop until the station 
signal is inaudible. The entire procedure is 
as follows: 


1. Tune the set by using steps one through 
five of the automatic method. 


2. Switch to LOOP position. Rotate the 
needle through 360° to show both nulls. 
Leave needle approximately 90° from nulls 
where maximum signal is received. 


3. Place the CW-VOICE switch on CW. 
Turn the tuning crank slightly so that a 
high squeal is heard and all background 
signals, A and N, are missing. 


4. Set the true heading of the aircraft at 
the index of the azimuth indicator. (If using 
an RDF chart, set magnetic heading on the 
indicator. ) 


5. Rotate the loop by means of the LOOP 
L-R switch until the null position is obtained. 
It is not necessary to depend entirely upon 
the ear to locate a null. The tuning meter 
needle will usually dip to the left when a 
null is reached. 

The exact position of a null will seldom 
be detectable. Nulls appear to be of vary- 
ing widths, depending on the strength of 
the signals. Strong radio fields produce very 
sharp nulls, sometimes only 0.1° wide. How- 
ever, for distant stations, null width may 
be 15° or 20°, Generally, the width of the 
null can be narrowed by increasing the set- 
ting of the AUDIO control. 


6. Where a null which is several degrees 
in width is obtained (as in Bearing—095°), 
note the two points where the signal be- 
comes minimum and take the midpoint as 
the bearing of the null. 

Aural null bearings are subject to 180° 
ambiguity so that it may be necessary to 
know the approximate position of the air- 
craft with respect to the station in order to 
avoid the ambiguity. If the approximate 
position is not known with sufficient accu- 
racy to resolve the ambiguity, the method 
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Bearing — 095° 


described in Loop Type Radio Range may 
be used. 


Homing is a special application of radio 
compass bearings. If a radio station has a 
relative bearing of zero, then it must lie 
directly ahead of the aircraft. In homing, 
the pilot flies toward the station by main- 
taining a heading on which the azimuth 
pointer indicates a relative bearing of zero. 
(Homing differs from tracking, since in 
tracking a correction is made for the wind 
and the azimuth pointer will be offset slight- 
ly to the left or right of zero.) Homing is 
primarily a procedure for the pilot; how- 
ever, the navigator and pilot can better co- 
ordinate their work if the navigator is 
acquainted with the procedure. Homing may 
be accomplished either automatically or by 
the aural null method. 

In automatic homing, the function switch 
is set on COMP and the aircraft is turned in 
the direction of the station. When the air- 
craft is headed toward the station, the 





INCREASES 





Homing 


azimuth pointer points directly at the tri- 
angular index as shown in Homing. The pilot 
steers the aircraft by reference to the 
pointer on the azimuth indicator. 

In aural null homing, the set is operated 
in LOOP and the null is determined by ear. 
The pilot flies a heading on which the 
azimuth pointer indicates a zero relative 
bearing when the loop is in the null position. 


Selection of Radio Stations 


The proper selection of radio stations is a 
prerequisite to obtaining accurate bearings. 
The following factors should be considered: 


1. The power of the station. In general, 
the stronger the station, the more accurate 
the bearing. The power of a given radio 
range station can be found by reference to 
Radio Facility Charts. The power of com- 
mercial broadcast stations can be found by 
reference to the Flight Planning Document. 
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The power of the commercial stations is 
usually greater than that of the radio range 
stations. One disadvantage in using commer- 
cial broadcast stations is that they do not 
identify themselves as often as the radio 
ranges. Use of an unidentified station (or 
one identified by nonpositive means) is a 
careless and sometimes hazardous proce- 
dure that should be avoided. 


2. The type of radio range system. The 
Adcock type of range should be used in 
preference to the loop type whenever pos- 
sible because the strongest radiation from 
the Adcock range, that from the central 
tower, is nondirectional. 


RADIO COMPASS BEARINGS 


Plotting Radio Bearings 


The path of a radio wave between the 
transmitting and receiving antennas is ap- 
proximately a great circle. When plotted, it 
is nearly a straight line on a Lambert con- 
formal chart, and a curve, convex toward 
the nearer pole, on a Mercator chart. If the 
bearing line is to be plotted as a straight 
line on a Mercator chart, a correction, called 
conversion angle, should be applied, as 
shown in the related diagram. The curved 
line represents a great circle between a 
radio transmitter at A and a radio receiver 
at B. The angle between the tangent to the 


NORTHERN HEMISPHERE 
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Correcting Radio Bearing for Plotting 
on Mercator Chart 


great circle at B, and straight line connect- 
ing A and B, is the conversion angle. If 
the radio bearing was plotted without cor- 
rection as a straight line on a Mercator 
chart, a gross positional error might result, 
as shown by the broken line. At distances 
at which radio bearings are normally re- 
ceived, except in the vicinity of the poles 
(where a Mercator chart would not be 
used), conversion angle is related to mid- 
latitude (Lm) and the difference of longi- 
tude (DLo) between the transmitter and 
receiver approximately as follows: conver: 
sion angle equals one-half DLo sine Lm. 
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Correction Required to Convert Great Circle Bearings to Mercatorial Bearings 


In the diagram, the Mercator bearing 
(LOP) is greater than the radio bearing. 
Hence, the conversion angle should be 
added. If the positions of the transmitter 
and receiver are reversed, so that the re- 
ceiver is at A, conversion bearing would be 
subtracted as shown for a receiver at C in 
Direction of Application of Conversion Angle 
Correction. These signs are for north lati- 
tude. In south latitude they are reversed. 
A simple sketch such as that shown will 
indicate whether the correction should be 
added or subtracted. 


Conversion angles are given in the table. 
As indicated by the formula, the correction 


increases with increased difference of longi- 
tude and also with increased latitude. At 
latitudes at which Mercator charts are 
normally used, and at the short distances 
at which radio bearings are normally em- 
ployed, the correction can often be ignored. 
Judgment as to the advisability of applying 
the correction can be developed with ex- 
perience. 


Correction on Lambert conformal, stereo- 
graphic, or transverse Mercator charts is 
not needed in any latitude under normal 
conditions. 








On RDF charts, a compass rose is printed 
around each radio range station to facilitate 
plotting. The rose is oriented with the mag- 
netic meridian rather than the true merid- 
lan, so that the reciprocal of the magnetic 
bearing must be plotted from the station as 
in the illustration. For utmost precision 
when plotting on RDF charts, radio compass 
bearings should be corrected for meridian 
convergence and the difference between the 
local variation at the station and that at the 
DR position. Rules for applying these cor- 
rections appear on the charts. 
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Plot Magnetic Bearing on RDF Charts 


Obtaining Fixes 


Of the various types of radio fixes, the 
marker beacon fix is the most accurate. 
Marker beacons are discussed in Federal 
Aids to Navigation. Other radio fixes utilize 
the line-of-position principle, but vary in 
accuracy and in the plotting complications 
which they introduce. 


INTERSECTING BEAM FIXES. When flying 
a given beam, it is possible to obtain a fix 
when a second beam, to one side of course, 
intersects the first beam. The most accurate 


method to use in establishing such a fix is 
illustrated. Note the time of entry into and 
the time of exit from the crossbeam; the 
midtime then becomes the time of the fix. 
Plot the fix at the point where the beam 
being flown intersects a line bisecting the 
crossbeam. 

Beam width increases with distance from 
the station; therefore, as the distance from 
the aircraft to the stations increases, the 
probability of error in the fix also increases. 

CROSSING BEAM SIGNAL WITH 90° RELA- 
TIVE BEARING. A valuable variation of the 
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Use the Midtime for the Fix 


preceding method of radio fixing is to cross 
a beam signal with a relative bearing of 
90°. This method is especially applicable 
when the off-course station is nondirection- 
al, such as a nondirectional beacon or a 
commercial broadcasting station. As can be 
seen from the illustration, this method must 
be used with caution when the drift angle 
is large. This is because the actual relative 
bearing is measured with reference to the 
true heading and not with reference to the 
track of the aircraft. 


MULTIPLE-STATION FIXES. The multiple- 
station fix is established from the intersec- 
tion of two or more LOP’s obtained from 
different stations and resolved to a common 
time. The stations selected should be so 
located as to give the best “cut” of the 
LOP’s. 

For a_ two-station fix, stations whose 
bearings from the aircraft differ by 90° are 
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ideal, since they yield LOP’s which intersect 
at right angles. When the LOP’s intersect 
at an angle of 30° or less, the two-station 
fix is likely to be unreliable. 


For a three-station fix, the best “cut” of 
the LOP’s is 60° as shown in the related 
illustration. However, it is not often that 
three stations will be so ideally located. The 
effect of the “cut” of the LOP’s upon the 
dependability of the fix is discussed in the 
section on bearings and LOP’s in Chapter 4. 

In advancing an LOP, it can first be plot- 
ted and then moved as in the illustration, 
or the position of the station may be moved. 

RUNNING FIXES. In many cases, the 
running fix using a single station is more 
practical and accurate than the three-station 
fix. The three-station fix often requires the 
use of one or more stations which are so 
far away from the aircraft that bearings 
taken on them may be very inaccurate. In 
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such cases, the running fix usually gives 
better results. Within 10 or 20 miles of a 
station, running fixes are considered to be 
quite accurate, and even at greater ranges 
they can give good results. 

Method'A. The one-station radio fix is 
usually made with bearings of 45°, 90°, and 
135° with the station to the right of the 
aircraft, or with bearings of 315°, 270°, and 
225° with the station to the left of the air- 
craft. The fix is obtained by resolving the 
first and last bearings to the time of the 
middle bearing, the speed line. 

The distance from the station will, in 
large part, determine the accuracy of a 
one-station fix. This is true because the 
greater the distance from the station, the 
farther the first and last LOP’s will have 
to be moved. If the groundspeed and track 
used to move the LOP’s are in error, these 
errors will be transferred to the LOP’s 
moved. At distances of 40 or 50 miles from 
the station, such errors can become appre- 
ciable. For this reason, when a distant sta- 
tion must be used for a running fix, the time 





between successive bearings (and the con- 
sequent error in the adjusted LOP’s) may 
be reduced by using relative bearings of, 
60°, 90°, and 120° (or 300°, 270°, and 240°). 


Method B. Another form of running fix is 
the doubled relative bearing method. First, 
note the time that a relative bearing is ob- 
tained from any given station. Then, note 
the time that this relative bearing has 
doubled. The distance run from the initial 
bearing to the doubled bearing will be ap- 
proximately the distance to the station 
along the second bearing. This method is 
based upon an equilateral triangle. Best re- 
sults will therefore be obtained when chang- 
ing from 060° to 120° or from 300° to 240°. 


Method C. A less restricted and more 
rapid running fix may be obtained using the 
table. The procedure is as follows: 

1. Take a relative bearing on a station, 
noting the time. 

2. After a few minutes, take another 
relative bearing on the same station, noting 
the time of the second bearing. 


Multiplier Factor Table 








3. Using the first and second bearings, 
enter the table to obtain the multiplier 
factor. 


4. Using best known groundspeed, com- 
pute the distance run between bearings. 


5. Multiply this distance by the factor 
from the table, to obtain distance from the 
station along the second bearing. 


6. Knowing bearing and distance from 
the station, obtain a fix. 


This method is very accurate, depending 
only on the accuracy of the bearings taken. 


Method D. Still another method of obtain- 
ing a single-station fix may be used when 
the relative bearing of the station is within 
10° of 90° or 270°. Under this condition, 
the approximate distance from a station 
may be determined from one of the follow- 
ing formulas: 


1. Distance from station= 
TAS (in knots) xtime flown between 
bearings 


change in relative bearing 


2. Time in minutes from station=— 
60x tume flown between bearings 


change in relative bearing 


inaccuracies 


Because of the design of the radio com- 
pass, bearings taken over long distances are 
not as accurate as required for precision 
navigation. However, over short distances 
(30 to 150 miles) the set is generally ac- 
curate to within 2° or 3°. The ease and 
rapidity with which radio compass bear- 
ings may be taken partially offsets what 
they lack in accuracy. A bearing which is 
the average of several bearings taken in 
rapid succession is often quite accurate. In 
addition to distance, various other factors 
contribute to inaccuracy in radio compass 
bearings. 


NIGHT EFFECT. Night effect (see Varia- 
tions in Radio Propagation) causes fading 
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in radio compass signals. As a result, the 
loop tends to “hunt,” causing the azimuth 
pointer to fluctuate. 


The extent of night effect on radio com- 
pass bearings is determined largely by the 
frequency and the type of antenna to which 
the set is tuned. Bearings taken on Adcock 
range stations are least affected, because 
the Adcock antenna radiates less energy 
toward the ionosphere than the loop type. 
Maximum night effect will be noted in com- 
mercial broadcast stations transmitting on 
frequencies above 1,000 kc. 


When night effect becomes apparent, do 
one of three things: (1) increase altitude, 
(2) tune to a nearer station, or (3) tune to 
a station of lower frequency. If the fluc- 
tuations of the azimuth pointer are not 
eliminated by these measures, take the 
average reading of the pointer as_ the 
bearing. 

In general, the greater the distance from 
a station, the more pronounced the irregu- 
larities will be. Night effect disappears with- 
in 30 miles of the station because, at this 
distance, only ground waves are received. 

ELECTRICAL DISTURBANCE EFFECT. The 
electrical discharges which take place in 
thunderstorms generate signals in the low 
and medium frequency bands. These signals, 
therefore, can activate the radio compass 
in the same manner as the desired radio 
signals. Thus, the pointer of the azimuth 
indicator is subject to extremely erratic 
fluctuations in the vicinity of a thunder- 
storm, tending to point in the direction of 
the thunderstorm when the set is on COMP. 
Sometimes it is possible to take fairly accu- 
rate bearings by the aural null method; 
more often, however, the set becomes un- 
usable and dead reckoning must be used for 
that period. 

MOUNTAIN EFFECT. As discussed previ- 
ously, the reflection of a radio wave from a 
mountain can cause the signal to appear to 
come from a false direction. Under such 
conditions, a radio compass bearing may be 
in error by several degrees. Reflections from 
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mountains can also cause fading in the same 
manner as night effect, with attendant fluc- 
tuations in the azimuth pointer. Similarly, a 
radio range leg may be bent or displaced, or 
deceptive multiple legs may appear. These 
factors must be taken into account in evalu- 
ating the accuracy of radio bearings ob- 
tained in mountainous areas. 


SHORELINE EFFECT. As _ radio waves 
transmitted from land cross a _ shoreline, 
sometimes their direction of travel changes. 
This is known as shoreline effect. Shoreline 
effect produces significant errors when the 
angle at which a radio bearing crosses the 
shoreline is less than 30°. When the cross- 
ing angle is greater than 30°, the bending 
is negligible. Therefore, when taking bear- 
ings over water, the stations used should 
either be located on the shore, such as 
marine stations, or so located with respect 
to the aircraft that bearings on them cross 
the shoreline at angles greater than 30°. 


QUADRANT ERROR. Interference by wings, 
engines, and other parts of the aircraft may 
distort the radio waves striking the loop and 
may keep the loop from lining up properly 
with the station. The error thus induced is 
known as quadrantal error (radio compass 
deviation) and is at a maximum when the 
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incoming signals must cross the wings or 
stabilizer surfaces before reaching the loop; 
that is, when the relative bearing is 45°, 
185°, 225°, or 315°. 

Quadrantal error may be corrected by 
means of a compensator unit. This unit 
causes the azimuth pointer to point to a cor- 
rected direction rather than to the exact 
direction of the loop. Therefore, the indica- 
tors show where the loop would point if it 
were not affected by quadrantal error. 

The corrections to be inserted into the 
compensator unit are obtained in much the 
same manner as the deviation corrections 
for a compass system. A pattern is flown 
around a selected station, and the deviation 
between the correct bearing and the indi- 
cated bearing is noted at 15° intervals. The 
corrections are then inserted into the com- 
pensator unit by means of adjustment 
screws. The exact procedure for quadrantal 
error compensation is found in the appro- 
priate technical order. 

Even after quadrantal error has been re- 
moved, bearings taken directly over the 
wings or stabilizers are least reliable. 

A simple check on the compensation of 
the loop can be made when on any given 
beam as shown in the illustration, Bearing 
Should be the Same. With the magnetic 






Bearings Should be the Same 











heading set at the index of the azimuth in- 
dicator, turn the function switch to COMP. 
Compare the magnetic bearing indicated by 
the azimuth pointer with the magnetic 
course of the range leg printed on the chart. 
If the compensation is correct, the two bear- 
ings should be the same. 


Fan Markers 


The fan marker is used to indicate an 
exact position along a range leg. It differs 
from the Z-marker only in the pattern pro- 
duced and the coded signals. The fan mark- 
er radiates an elliptical-shaped pattern 
about ten miles in width and three miles 
across (Figure 639). It utilizes a 100-watt 
power output. At some installations, a bone- 
shaped fan marker is produced. This pat- 
tern is desirable because it provides a well- 
defined point directly on course and a wider 
indication to either side of the beam. The 
same 75-mc receiver used for Z-marker re- 
ception is used for fan marker reception. 
The pilot’s indication is a series of dashes 
on the amber light, corresponding to the 
number of the range leg on which the fan 
marker is located. Numbering of the legs 
starts with the first leg east of true north 
and continues clockwise. If there are two 
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fan markers on the same leg, the coding of 
the outer fan marker is preceded by two 
dots. 


Range Orientation 


Range orientation is accomplished by de- 
termining the aircraft’s position through 
interpretation of aural signals from a radio 
range station. Fundamentals of range orien- 
tation include: 


1. Range identification (frequency and 
call letters). 


2. Quadrant identification. 

3. Quadrant fade or build. 

4. Beam interception and identification. 
5. Beam following. 

6. Station (cone) recognition. 


OMNIRANGE 


As has been noted, the present-day, low 
frequency, four-course radio range has cer- 
tain deficiencies. Chief among them are 
static due to atmospheric disturbances, mul- 
tiple courses in mountainous areas, and the 
limited number of courses available. The 
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omnirange, more commonly called the VOR 
for “very high frequency omnidirectional 
range,” eliminates these deficiencies and 
provides additional advantages which make 
it greatly superior to the radio range as a 
radio navigational system. 

The VOR is designed to operate between 
112 me and 118 me. This is in the VHF 
band; thus the equipment is subject to line- 
of-sight restrictions and its range varies 
proportionately to the altitude of the re- 
ceiver. Its line-of-sight characteristic also 
necessitates obstruction-free installation 
sites for the most advantageous and de- 
pendable use. 


Principles of Operation 


The operation of the VOR bearing func- 
tion may be likened to that of an airport 
beacon light. If the beacon, rotating at a 
known speed, blinks each time it sweeps 
past magnetic north, and the time from that 
blink until the beam sweeps past the navi- 
gator is measured, the magnetic bearing 
from the beacon can be determined. For 
example, if the beam revolves at 1° per 
second and 120 seconds are counted between 
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the reference blink and beam passage, the 
observer is on the 120° radial from the 
beacon. 

The basic principle of the VOR is the 
measurement of the phase difference be- 
tween two radiated signals. Magnetic north 
is used as the base line for measuring the 
phase relationship. Of the two signals trans- 
mitted, one is nondirectional and has a con- 
stant phase throughout its 360° of azimuth. 
It is the reference phase and is radiated 
from the center antenna of a five-element 
group. The second signal is radiated from 
the four outer antennas, as illustrated. 


The two signals are initially aligned so 
that they are exactly in phase at magnetic 
north and become increasingly out of phase 
as the direction from magnetic north in- 
creases. To determine the magnetic bearing 
from the station, it is necessary for the re- 
ceiver to measure the phase difference be- 
tween the two radiated signals as shown in 
Phase Angle Relationships. This is done 
electronically and the information is then 
displayed on an azimuth indicator. 

The VOR provides an infinite number of 
courses to or from the station. For simplic- 
ity and general use, however, a station is 
said to have 360 courses emanating from it. 
Any of these courses may be selected or 
flown, or may be used to obtain the angular 
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AN/ARN-I4A Instrumentation 


position of the aircraft in relation to the 
station at any time. 


The position, frequency, and identification 
of VHF omniranges are shown in Radio 
Facility Charts—VOR. VORs are identified 
by coded signals transmitted intermittently 
or by voice. The VOR receiver is tuned by 
the use of combinations of crystals, and 
allows reception between 108 and 135.9 mc. 
Weather, NOTAMS (Notices to Airmen), 
and traffic instructions may be received by 
simultaneous voice on VOR channels. Fre- 
quencies above 118 mc may be used for 
reception on communication channels. Air- 
to-ground transmissions are made with the 
command radio set on channels regularly 
assigned for this purpose. 


Components (AN/ARN-14A) 


The airborne instrumentation shown con- 
sists of a control box, a radio magnetic indi- 
cator (RMI) and a course indicator. 


CONTROL BOX. The control box has an 
ON-OFF switch, two frequency selector 
knobs, a frequency window, and a volume 
control. Rotation of the outer frequency 
knob selects the frequency from 108 to 135 
mc. The inner knob selects the frequency in 
tenths of megacycles. 


RADIO MAGNETIC INDICATOR (RMI). The 
RMI consists of a rotating compass card 
actuated by a gyrosyn, N-1, or fluxgate com- 
pass and two pointers similar to the pointer 
on the conventional radio compass indicator. 
The magnetic heading of the aircraft is 
shown under the heading index at the top 
of the indicator. (This heading is subject to 
deviation error just as the heading from any 
compass.) The double-barred pointer on the 
RMI performs the same function as the 
radio compass pointer. If the compass sys- 
tem is working so that the compass card is 
properly positioned, the magnetic bearing to 
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the VOR station is shown under the double- 
barred pointer. If the compass card sticks 
the magnetic bearing to the VOR station 
is normally shown under the double-barred 
pointer. Under this situation, the pointer will 
not necessarily point to the station, and the 
relative bearing cannot be figured from the 
angular difference. The spare needle may be 
connected to the conventional radio compass 
system or used in conjunction with a dual 
omni-receiver installation. If the spare needle 
is connected, simultaneous bearings may be 
taken on separate stations. This eliminates 
the time element involved in taking separate 
bearings, as with the radio compass, and the 
subsequent necessity for resolving the LOP’s 
to a common time. 

COURSE INDICATOR. The course indicator 
consists of a bearing-selector knob, a bear- 
ing window, a TO-FROM window, a bearing 
deviation needle (vertical needle, also called 
localizer needle), a glide-path needle (hori- 
zontal needle—used for ILS approaches), 
and a gyrosyn-compass actuated heading 
pointer. The bearing selector knob permits 
selection of a desired bearing, which is dis- 
played in the bearing window. The TO-FROM 
indicator indicates whether the bearing se- 
lected will take the aircraft toward or away 
from the station. The deviation indicator, or 
localizer needle, shows the position of the 
aircraft in relation to. the desired bearing. 
The glide-path needle is used when the pilot 
is flying an instrument landing system ap- 
proach. The heading pointer and scale show 
the heading of the aircraft relative to the 
selected bearing. When the heading pointer 
is centered, the heading of the aircraft is 
the same as the bearing shown in the bear- 
ing window. If the pointer is deflected to 
the left or right, the aircraft’s heading is 
also to the left or right of the bearing in 
the window by the number of degrees indi- 
cated on the pointer scale. 


Use of VOR Equipment 
OPERATION. Turn the set on and rotate 
the outer and inner knobs of the frequency 
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selector until the desired frequency is shown 
in the frequency window. 


After tuning in the desired VOR station, 
the closest magnetic bearing to the station 
is read under the head of the double-barred 
pointer on the RMI as illustrated. Converse- 
ly, the magnetic bearing from the station 
is read under the tail of the pointer. If the 
RMI is inoperative, the bearing to or from 
the station may be obtained -by rotating the 
bearing selector knob of the course indica- 
tor until the deviation needle (localizer 
needle) centers. 


PLOTTING BEARINGS. Plotting the bear- 
ings obtained is accomplished in the same 
manner as bearings obtained from the radio 
compass. However, bearings obtained from 
the omnirange are magnetic bearings and 
must be plotted with reference to magnetic 
north. WAC charts have a compass rose, 
oriented with magnetic north, printed 
around each VOR station to aid in the plot- 
ting of VOR bearings. 


DIRECT COURSE TO STATION. To fly to a 
particular station, first look up the position, 
frequency, and identification of the station 
in the appropriate Radio Facility Chart 
(VOR edition). Tune in the desired fre- 
quency and listen to the identification. This 
will be in either Morse code or voice re- 
cording or both. Next, note the magnetic 
bearing read on number 2 needle. Set this 
bearing on the course indicator by turning 
the bearing selector knob until the bearing 
appears in the window. Have the aircraft 
turn to the magnetic heading selected. By 
keeping the localizer needle centered, the 
pilot will fly a direct course to the station. 


The course to an omni station may be 
flown by “flying the vertical needle.” If the 
vertical needle moves to the right of center, 
the aircraft must be turned to the right to 
get back on the heading to the station. If 
the vertical needle moves to the left, the 
aircraft must be turned to the left. 


When the station is passed, the TO-FROM 
indicator will show FROM but the selected 
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Double-barred Pointer shows Closest Bearing to Station 


radial may still be flown by correcting to- 
ward the vertical needle. If, after passing 
the station, a 180° turn is executed and the 
bearing set into the indicator is not changed, 
the TO-FROM indicator will still indicate 
FROM, but to fly to the station, corrections 
must be made away from the vertical needle. 


In order to keep the vertical needle cen- 
tered, it will be necessary, from time to 
time, to correct the heading to allow for 
wind drift. If the vertical needle remains 
centered, the aircraft is properly “crabbed” 
into the wind, and it is not necessary to 
figure a heading to fly to the omni station. 

The relative heading pointer aids the 
pilot in getting on the correct heading by 
indicating the number of degrees, right or 
left, to correct the heading. 


Supplemental Equipment 


The usefulness of the omnirange system 
is increased by two supplemental pieces of 
equipment, the distance measuring equip- 
ment (DME) and the course line computer. 


DISTANCE MEASURING EQUIPMENT 
(DME). The DME makes cross bearings 
unnecessary for determining the position of 
the aircraft. It measures the exact distance 
from the VOR station and displays this dis- 
tance on an indicator similar to that illus- 
trated. If both distance and bearing from a 
given station are known, the aircraft posi- 
tion is ‘‘fixed” from the station. 

The DME operates on the principle of 
measuring the time difference between the 
transmission and the reception of a radio 
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frequency pulse. An interrogation pulse 
transmitted from the aircraft triggers a 
ground transmitter, a transponder which 
sends a reply pulse back to the aircraft. The 
speed at which the pulse travels is known. 
Therefore, if the time in transit is meas- 
ured, the distance to the transmitter is 
equal to the speed of propagation multiplied 
by the time difference between transmission 
of the interrogation pulse and reception of 
the reply pulse. In simple formula form, 
D=RxT. This distance is, of course, the 
round trip distance and must be divided by 
two in order to obtain the slant range to the 
ground station. The time difference meas- 
urement is accomplished electronically, and 
the number of miles to the station is shown 
on the mileage dial. 

COURSE LINE COMPUTER. The course line 
computer is an electronic computer which 
solves the navigation problem involved in 
flying an aircraft on a straight line course 
past an omnirange station instead of direct- 
ly to or from it. This makes it possible for 
several aircraft to fly parallel courses safely 
along the same airway. The computer, con- 
stantly “listening” to the VOR bearing and 
DME signals, translates this information 
into right and left indications on the vertical 
receiver needle of the equipment. Thus the 
number of airways available is greatly in- 
creased, and an aircraft can fly a controlled 
route even though there are no VOR sta- 
tions directly along the particular course 
selected. 

The course line computer is used in the 
same manner as the normal VOR equipment 
except that some waypoint is selected and 
set into the computer. For example, if it 
were desired to fly to Wright AFB, the 
bearing and distance of the airfield from the 
Dayton VOR would first be measured and 
set into the computer. Then, with the com- 
puter on, and the COMPUTER-OMNI DME 
switch in the COMPUTER position, the omni 
instruments would indicate information with 
respect to the waypoint. As far as the equip- 
ment is concerned, a VOR station is estab- 
lished at Wright AFB. 
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TACAN 


TACAN for Tactical Air Navigation, is a 
UHF system which is designed to give a 
continuous indication of bearing and dis- 
tance to a ground station. While it performs 
the same function as VOR and DME, it is a 
superior system because it is more accurate 
and easier to operate. Accordingly, TACAN 
has been accepted as the primary naviga- 
tion aid for the Air Route Traffic Control 
System. Over 600 ground stations are pro- 
grammed for installation in this country— 
many of them are already operating. In 


"many cases TACAN is being installed at ex- 


isting VOR sites, primarily because the 
government owns or leases the land. In most 
cases the VOR station continues in opera- 
tion and the combined station is called a 
VORTAC station. However, DME will be 
phased out because its frequency conflicts 
with TACAN frequencies. 


TACAN is extremely accurate and easy 
to use. Operation consists of turning the 
power switch on, selecting a station, and 
reading the range and bearing to a station. 
The average bearing error is 0.5 degrees; 
the distance error is approximately 600 feet 
at the maximum usable range of 195 nau- 
tical miles. Bearings may be taken in excess 
of this distance, but the range dial will stop 
at 195 nautical miles. 


Airborne Equipment, ARN/21 


The airborne equipment is_ illustrated. 
The receiver-transmitter weighs 65 pounds 
and occupies slightly over one cubic foot. 
The indicators shown are the ID-310, Slant 
Range Indicator, and the ID-250, Radio 
Magnetic Indicator. Sometimes used with 
TACAN is the ID-416 which combines both 
range and bearing data. The ID-416 is shown 
to the right. The control box contains all the 
operating controls and will be discussed in 
detail later. 


Ground Equipment, URN/3 


The view shown is the exterior view of a 
Tacan ground station. To get an idea of the 
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ID 416 


ARN/21 


size of the installation the radome is ap- 
proximately 4 feet in diameter and 6 to 8 
feet high. In the VORTAC installation this 
antenna is mounted on top of the VOR an- 
tenna. The transmitting equipment consists 
of two cabinets, each of which is 6 feet tall. 
Their combined weight is 800 pounds. The 
entire ground station is transportable and 
has been used quite successfully aboard air- 
craft carriers. 











Theory of Operation 


BEARING MEASUREMENT. Bearing meas- 
urement for TACAN is similar to VOR. The 
radiation pattern is shaped into a cardioid 
and rotated. The rotation of the cardioid 
produces a sine wave signal in the area cov- 
ered by the station. Phase comparison of 
this sine wave to a reference pulse produces 
the bearing to the station. 


The diagram, TACAN Ground Beacon An- 
tenna, shows the transmitting antenna of 
the ground station. Note that the antenna 
consists of a central antenna and two cylin- 
ders. The inner cylinder has one reflector 
embedded in it; the outer cylinder has 9 
reflectors in it. The entire antenna rotates 
at 15 revolutions per second. The purpose 
of the reflector in the inner cylinder is to 
distort the radiation pattern of the central 
antenna into a cardioid. Figure A of the 
radiation pattern represents the nondirec- 
tional radiation pattern of the central an- 
tenna; figure B is the cardioid which results 
when the reflector in the inner cylinder is 
placed in the radiation field. 


Since the antenna rotates 15 cycles per 
second (cps), the cardioid will also rotate 
at 15 cps. If an aircraft were located due 
south of the transmitter, the strength of the 
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TACAN Ground Beacon Antenna 


received signal would vary depending upon 
the phase of the cardioid it was receiving. 
For example, the next illustration shows 5 
phases of a rotating cardioid. Below the air- 
craft is a diagram that shows the strength 
of the received signal for each of the 5 





TACAN Ground Beacon Antenna Radiation Pattern 
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Strength of the Received Signal Varies with the Phase of the Cardiod 


phases of the cardioid. Notice at the posi- 
tion A the signal strength is represented by 
Ey; at B it is E,.xE;; at C it is Eo again; 
at D it is Eo—E2; and at position E the 
signal strength is again equal to E>. Further 
inspection of the diagram will show that 
the signal strength is equal to some constant 
E, plus a sine wave. The TACAN system 
uses only the sine wave portion of the signal 
to measure azimuth. 

Since one rotation of the cardioid pro- 
duces one sine wave, the electrical angle of 
the received sine wave is a function of the 
bearing to the station if the cardioid is ref- 
erenced to a direction. In TACAN, the 
reference is transmitted as a pulse each 
time the maximum lobe of the cardioid is 
at a bearing of magnetic east. The diagram, 
TACAN Ground Beacon Antenna, shows a 
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reference pulse disc mounted on the antenna 
drive shaft. Since this is the same shaft 
used to rotate the cylinder which forms the 
cardioid, the reference pulse will always be 
in phase with the maximum lobe of the car- 
dioid. Electronic phase measurement is 
made from the reference pulse to one of the 
zero points of the sine wave—a zero point 
can be electronically detected more accu- 
rately than a maximum. 

In How TACAN Measures Azimuth, the 
zero point is point A on the cardioid. Note 
that the four aircraft are positioned at the 
same distance from the transmitter and 
each of them is on a cardinal heading from 
the station. Since all aircraft are equi- 
distant from the station, they will all re- 
ceive the reference pulse at the same time. 
However, because they are on different 
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How TACAN Measures Azimuth 


headings from the station, each aircraft will 
receive a different phase of the sine wave. 
The phase difference between the reference 
pulse and the zero point is the bearing to the 
station. 


The method just described is basically the 
manner by which azimuth is measured by 
TACAN and VOR. However, TACAN goes 
one step further. At the beginning of this 
discussion, it was pointed out that one of 
the cylinders of the TACAN antenna has 
nine reflectors embedded in it. The purpose 
of this part of the antenna is to modulate 
the basic sine wave nine times for each 360 
degrees of phase difference or one modu- 
lated sine wave every 40 degrees of azi- 
muth. Therefore, since there are nine sine 
waves representing a bearing change of 360 
degrees, each single degree of change in the 
geographic bearing is equal to a 9-degree 
change in the phase of the 9-lobe signal. 
This ratio of nine electrical degrees to one 
bearing degree gives a pronounced magni- 
fying effect to the process of measuring 


AF MANUAL 51-40 VOL 1 15 OCTOBER 1959 


bearing changes, and it is possible to meas- 
ure bearings 9 times more accurately with 
TACAN than VOR. 


An additional advantage of the TACAN 
bearing system is the manner in which it 
reduces TACAN’s susceptibility to site er- 
rors, the most troublesome source of VOR 
bearing errors. If, for example, a bearing 
error of 18 degrees results from receiving 
reflected signals as shown in the illustration 
of the site errors, a 9-lobe system will re- 
duce this error to 1/9 of 18 degrees or 2 
degrees. This improved freedom from site 
errors of the TACAN ground station enables 
TACAN to give good service at a site where 
a VOR system would be practically useless. 


The operation of the 9:1 TACAN bearing 
function makes possible a bearing error of 
40 degrees or any multiple of 40 degrees. 
If errors of this magnitude occur, it will be 
near the maximum range of the ground sta- 
tion or near the cone of silence. Ordinarily 
the errors will last for less than one minute. 
They will correct themselves in all but one 
case out of 10,000, in which case the error 
will be of such magnitude as to be readily 
recognizable. 
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DISTANCE FUNCTION. The distance func- 
tion of TACAN operates on the racon (radar 
beacon) principle. However, in TACAN a 
distance meter, much like the mileage indi- 
cator on an automobile speedometer, is used 
in place of a cathode ray tube. An interro- 
gation pulse transmitted from the aircraft 
triggers a ground transmitter, a transpond- 
er, which sends a reply pulse back to the 
aircraft on a different frequency. 


A given station may be interrogated 
simultaneously by 100 aircraft provided 
they are within range and tuned to the 
beacon. The ground beacon will then reply 
to all interrogations, and each aircraft 
will receive the sum total of all replies. 
However, the receiver is designed so that 
it will reject pulses intended for other air- 
craft and only measure its correct distance 
from the station. 


The interrogation pulses from each air- 
craft are made to “jitter,”’ to vary in an 
irregular or random manner. The “jitter”’ 
effect is obtained by permitting a nonstabi- 
lized circuit to exercise control over the in- 
terrogation rate. To determine which reply 
pulses belong to the aircraft, each airborne 
receiver employs a stroboscopic “search” 
process, entirely automatic in operation. 
The strobe progressively scans various time- 
delay intervals by means of a sliding “time 
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slot” as shown. It quickly tests each position 
for the number of successive reply pulses 
received within a certain uniform checking 
period. If no replies or sporadic replies are 
received, the strobe advances the time slot 
to test a slightly longer time-delay interval, 
and so on. When the time slot is positioned 
so that a nearly constant time difference is 
detected, the strobe’s search is stopped and 
distance is measured. As shown in the dia- 
gram, the pulses that are accepted when the 
strobe stops are the only ones that are 
synchronized with transmitter’s randomly 
transmitted interrogation pulses. 

This “searching” process begins when- 
ever the airborne set is tuned to a new 
ground station or there is a major inter- 
ruption in signals. The search may take up 
to 20 seconds to complete, depending on the 
actual distance of the aircraft from the sta- 
tion. After the search is complete, the 
strobe locks on to the proper reply pulses 
and transfers to “track” operation. When 
tracking, the strobe automatically follows 
small variations in the time delay of the 
reply pulses. This small variation results 
from the relative motion between the air- 
craft and the ground station. Because of the 
rapidity of the entire interrogation-reply 
operation, the total variation in round trip 
travel time from one interrogation to the 
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next for a relative motion (aircraft ground- 
speed) of 1000 knots would be approximate- 
ly .023 millionths of a second. 


The TACAN receiver has a memory cir- 
cuit which causes the set to maintain the 
same -distance indication and prevents the 
search process from reoccurring if the sig- 
nal is interrupted for less than 10 seconds. 
Such an interruption might occur, for ex- 
ample, when another aircraft flies between 
the aircraft and the ground beacon. Also, 
each station identifies itself by international 
Morse code approximately every 75 seconds. 
Because of the memory feature, neither of 
these will produce an interruption in the dis- 
tance indication. 


TACAN Channels 


The block diagram illustrates that 
TACAN uses the same antenna for trans- 
mission and reception. This is possible with- 
out a switching device because TACAN 
transmits on one frequency and receives on 
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another. There are 126 transmitting chan- 
nels between 1025 and 1150 mc, each 1 mc 
apart. There are also 126 receiving fre- 
quencies—63 between 962 and 1024 mc and 
63 between 1151 and 1213 mc—which are 
also spaced 1 mc apart. The frequency of 
the selected ground station is set on the 
TACAN control box by turning the two 
CHAN knobs shown. 


Use and Limitations 


The system is turned on by turning the 
NAV switch from OFF to REC or T/R. The T/R 
position is normally used as the REC posi- 
tion. It disables the distance function and is 
only used when it is not desired to radiate 
energy from the aircraft. 


While the system is warming up, the 
bearing needle will rotate clockwise, and the 
distance meter will rotate through its limits 
repeatedly. While the distance meter is go- 
ing through this search process, a red flag 
will drop over the counters. After a suitable 
warmup period, these movements will stop 
and the set will lock on to the selected sta- 
tion. At this time the red flag over the 
distance counters will disappear. 


The distance meter will record distance 
up to 195 nautical miles. The bearing needle 
may continue to operate for several more 
miles, even though the distance meter has 
stopped at 195. Then both the range and 
bearing indicators begin to spin, and the red 
flag drops over the distance counters. This 
means that the aircraft is out of range of 
the selected station and the next succeeding 
station must be tuned in. 


In approaching a given station at altitude, 
the bearing needle will begin to rotate, or 
“hunt,” at an appreciable distance. Yet the 
distance meter will continue to indicate cor- 
rectly. The distance meter, however, will 
never reach zero as it always reads the slant 
range to the station; therefore, the mini- 
mum range for a given flight will be equal 
to the absolute altitude over the station. The 
bearing needle will continue to rotate until 
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the aircraft is in the cone of silence. This 
cone is 120 degrees wide. At 30,000 feet, it 
is approximately 17 miles wide; at 50,000 
feet, it is approximately 29 miles wide. 


TACAN vs VOR 


In addition to the improved bearing ac- 
curacy and increased freedom from site 
errors that TACAN offers over VOR, there 
are other advantages: 


1. The bearing and DME facilities oper- 
ate on the same channel for a given station; 
that is, the pilot or navigator gets his fix 
from a single channel setting on one piece 
of equipment. Thus, there is no chance for 
error in manually pairing two pieces of 
equipment. 


2. The physical dimensions of an antenna 
depend upon its operating radio frequency 
or wavelength. There is a ten to one reduc- 
tion in wavelength in going from the VHF 
(VOR) band to the UHF (TACAN) band. 
Advantage is taken of this factor to increase 
the TACAN antenna size considerably in 
terms of wavelength for superior perform- 
ance while still maintaining reasonably 
small physical dimensions. 


3. In the design of TACAN, provision has 
been made to multiplex (use the same cir- 
cuit to send different information simultan- 
eously) additional navigational functions on 
the Tacan channels. These additional func- 
tions are ILS localizer, ILS glide path, 
marker beacon, air traffic control trans- 
ponder, etc. At present, each of these func- 
tions is fulfilled by separate ground and 
airborne equipment. 


TACAN may be summarized as a short 
range, UHF, navigation system character- 
ized by high accuracy, freedom from site 
effects, and compactness of equipment. 
The same airborne equipment, with small 
frequency adapters added, is also capable 
of providing additional air navigation func- 
tions. 
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CONSOLAN 


Consolan is a long range navigational aid 
which operates in the low and medium fre- 
quency bands. Like its British cousin, con- 
sol, it is based on the principle of the 
German sonne developed during World War 
II. At present, there are two consolan sta- 
tions being constructed on the eastern coast 
of the United States, one at Atlantic City, 
New Jersey, and one at Nantucket, Massa- 
chusetts. These operate at 516 kc and 194 
ke respectively. 

The most desirable feature of consolan is 
its ability to supply accurate LOP’s to an 
aircraft equipped with any radio receiver 
capable of being tuned to the transmitter 
frequency and of receiving CW transmission 
(equipped with a beat frequency oscillator). 
Thus, consolan may be utilized with such 
standard airborne equipment as the radio 
compass receiver, AN/ARN 6 or 7. 


Principles of Operation 


A consolan beacon radiates dots and dash- 
es in a pattern of sectors. This pattern is 
shown in the polar diagram. Notice that 
each “dot” sector in the illustration is sep- 
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TIME SCALE (SECONDS) 
DIRECTIONAL ANTENNA PATTERN DIRECTIONAL ANTENNA PATTERN 
60 DASHES ( % SEC) 60 DOTS ( % SEC) FOR 30 SECS 
(REPEATED FOR 30 SECONDS) 
RECEIVED SIGNAL CONSISTS OF DASH/DOT 
COUNT AND EQUISIGNAL, VARYING WITH . 
THE AIRCRAFT POSITION IN SPACE 
18 DASHES EQUISIGNAL 38 DOTS 56 DOTS EQUISIGNAL 
“ > | : 
4 UNDERTONE ail AVAIL UNDERTONE, 
Example of most common type reception (any station). Example of equisignal at end of keying cycle. 
Equisigno! occurs between dots and dashes. Corrected count this example: 58 dots. 
Corrected count this example: 20 dashes. 
PARTIAL PARTIAL 
EQUISIGNAL 54 DASHES EQUISIGNAL 58 DASHES EQUISIGNAL 
Example of equisignal at start of keying cycle. Example of partial equisignal occurring at both beginning 
Corrected count this example: 3 dots. and end of keying cycle, observer located exactly on 
sector boundary. 
Corrected count this example. 60 dashes. 
Consolan Transmission Pattern and Keying Cycles 
arated from each “dash” sector by a line. 
This line represents a continuous tone called 
the equisignal. EQUISIGNALS 
ee. — /e 
The sequence of transmission of the con- e —~ 
e e e p — cy 
solan beacons is illustrated. During the > $3 
period of the directional antenna pattern ‘ 
(from 10 to 40 seconds and from 42.5 to 
72.5 seconds after the beginning of the 
transmission sequence), each sector re- . 
places the sector ahead of it. In other words, 
at the end of a dot-dash transmission period, ra ae +t~ a e 
the overall pattern appears the same except ANTENNAS 
that in a sector where dots are heard at the © — 
beginning of the period dashes are now 
heard and vice versa. The pattern returns a 8 
to its original position before the ensuing . a) 
dot-dash transmission period. be e 
Consolan stations use three antennas for 7 — \e} ~ 
transmitting their signals. These antennas 
are equally spaced and form a straight 
line. The center antenna emits a continuous Dots and Dashes are Separated 
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wave. By varying the phasing of the signals 
fed to the two outer antennas, the dot and 
dash patterns are formed and the equisignal 
is caused to rotate. 

The halves of the pattern on either side 
of the base line rotate in opposite directions. 
Thus, the two equisignals marked A in the 
illustration gradually converge on each 
other until at the end of the dot-dash trans- 
mission period they are coincident on the 
base line. Similarly, the equisignal marked 
B splits into two equisignals at the start of 
a dot-dash period, and these two move apart 
until at the end of the period they have as- 
sumed the positions marked C. 


The width of the sectors depends upon 
the angle they make with a perpendicular 
to the base line, or the line of the towers. 
The sectors closest to this perpendicular are 
about 10° wide while those near the base 
line extension are about 20° wide. Bearing 
accuracy is inversely proportional to the 
width of the sectors. Therefore, it is great- 
est along the perpendicular to the base line. 





Halves Move in Opposite Directions 
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Near the base line, itself, accuracy deterio- 
rates greatly and an area of 20° on each 
side of the base line is unusable. The useful 
coverage is thus 280° out of 360°. Further, 
the system should not be used within 50 
nautical miles of the station. If the unrelia- 
ble sectors are not marked on the consolan 
chart, the true bearing of the normal to the 
line of the towers (given in the Flight Plan- 
ning Document) may be used to plot these 
areas. 

Immediately following one of the 2.5- 
second silent periods, an operator at P in 
the illustration will hear a number of dots, 
then the equisignal, and then a number of 
dashes until the next silent period. The 
exact change from dots to dashes will be 
masked by the equisignal and one or more 
dots or dashes will be “lost.” Since the total 
number of dots and dashes transmitted dur- 
ing a 30-second dot/dash period is 60, the 
number of characters lost in the equisignal 
may be determined by subtracting the total 
number of dots and dashes actually heard 
from 60. It is assumed that, of the charac- 
ters lost, one-half will be dots and one-half 
will be dashes. Therefore, when the total 
number heard is subtracted from 60, one- 
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half of the remainder is added to the num- 
ber of dots heard immediately following the 
silent period. 


Example: 
Dots (heard first) counted 15 
Dashes counted 39 
Total 54 


Equisignal duration 6 (60—54) 
Total dots (15 plus 3) 18 
Total dashes (39 plus 3) 42 


The operator is, tnerefore, located on the 
line represented by 18 dots at the time of 
passage of the equisignal. This time is +hus 
the time of the bearing. 


In the above example, the total count was 
identified as a “dot’”’ count. If the transmis- 
sion should begin with the equisignal or par- 
tial equisignal, care should be exercised in 
interpretation of the signal count. For in- 
stance, in a 3-dot count the beginning 3 dots 
will probably be masked by the equisignal, 
yet the count is a dot count. Should an in- 
stance of this kind result in interpretation 
as a dash count, reference to the chart 
would yield a bearing of such great dis- 
crepancy that it would be readily recognized 
as an error. The 60-dot count and .the 60- 
dash count are repetitive exceptions to the 
rule. Fortunately this condition would prob- 
ably occur only infrequently, and even so, 
if it should result in a character count inter- 
pretation of 59 instead of 60, the error in 
the resulting bearing would be less than 
1/2 degree. 

SECTOR AMBIGUITY. Identical signal counts 
occur, of course, in alternate dot sectors or 
alternate dash sectors. It is necessary, 
therefore, to determine the sector by ap- 
proximate known position, such as dead 
reckoning, radio direction finding, etc. Prac- 
tical experience indicates that the possibil- 
ity of using the wrong sector is rather small 
but care should always be exercised. A 
radio compass bearing will usually suffice 
to identify the proper sector. If a Mercator 
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chart is being used, the radio compass bear- 
ing should be corrected according to the 
rules previously given in the section, Plot- 
ting of Radio Bearings. 

EFFECT OF AVC. AVC (automatic volume 
control) cannot be used in the reception of 
consolan signals. This is because the dot/ 
dash signals from the consolan transmitter 
are signals of relative intensity. The dots 
and dashes are formed by periodically re- 
versing the phase of the signals in the two 
outer antennas in such a way that an ob- 
server in a dot sector will hear a signal 
which is relatively strong for 1/8 second and 
relatively weak for 3/8 second. In a dash 
sector, the signal will be relatively strong 
for 3/8 second and relatively weak for 1/8 
second. On the equisignal lines, the phase 
reversal has no effect on the signal intensity 
and only the solid tone is heard. The fact 
that the dot signals are only relatively 
stronger than the dash signals (and vice- 
versa) makes the use of the AVC function 
completely detrimental to effective conso- 
lan signal interpretation. Since AVC makes 
strong signals weaker and weak signals 
stronger, the result is to neutralize the de- 
sired variations in signal intensity. An ef- 
fective AVC system would therefore elim- 
inate the reception of all dots and dashes, 
and only a continuous tone would be heard 
in @ receiver so equipped. 


CAUTION 


At night, always take a_ series of 
readings, particularly when 300 to 700 
miles from the station. Wide variation 
in successive counts is an indication of 
ground wave/sky wave interference. 
These bearings should be handled with 
great caution or disregarded altogether. 


RANGE. As with all radio navigation sys- 
tems, the range of consolan depends upon 
many factors, some of which are beyond the 
control of man. The range at which reliable 
reception can be obtained depends basically 
upon the ratio of received signal level to 
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received noise level. With experience, oper- 
ators can determine the number of dots and 
dashes with good accuracy when voice com- 
munication would be completely unintelligi- 
ble. The received signal-to-noise ratio in 
turn depends upon the transmitter power, 
receiver quality, frequency of operation, 
time of day, and terrain over which the sig- 
nals must travel from the transmitter to the 
receiver. 


Taking all of these factors into considera- 
tion, the consolan station at Nantucket (194 
kc) can be expected to provide service over 
sea water from 1,000 to 1,400 miles or more. 
The Atlantic City station (516 kc) will pro- 
vide useful coverage from 500 to 700 miles 
or more. These are daytime ranges; night- 
time ranges may be extended approximate- 
ly 500 miles. 


ACCURACY. Greatest accuracy is obtained 
on a line perpendicular to the line of the 
transmitter towers. The general accuracy of 
consolan bearings is 0.3° average during 
daytime and 0.7° average during nighttime. 


Obtaining Bearings 


The procedures for obtaining a consolan 
bearing are as follows: 


1. Tune in station using CW(BFO) posi- 
tion without AVC. (If using the radio com- 
pass, use loop antenna in maximum signal 
position in case of severe static). 


2. Identify station (station call sign is 
transmitted once in international Morse 
code during each 7.5-second identification 
period). 


3. Count the dots or dashes heard until 
the equisignal; then count the remaining 
characters until the next silent period is 
reached. Add the two counts together and 
subtract the total from 60. One-half of the 
remainder is then added to the dots or 
dashes (whichever are heard first) imme- 
diately following the silent period. 


4. The time of the bearing is the time of 
the equisignal. 


5. With consolan charts and a DR posi- 
tion (or an ADF bearing) to identify the 
sector, the consolan LOP can be plotted di- 
rectly on the chart. 


CONSOL 


At present, there are five consol stations 
operating in Europe. They are very similar 
in operating principles to the consolan sta- 
tions described above. However, due to the 
absence of international agreements, they 
are not identical. They differ from the con- 
solan stations mainly in their transmission 
sequences. They also differ among them- 
selves in this respect, so that Bushmills, 
Ireland, and Ploneis, France, may transmit 
30-second dot/dash patterns and Lugo, 
Spain, may transmit a 60-second pattern. 
The transmission sequences and the operat- 
ing frequencies of the consol stations are 
not included here because they are subject 
to change. The best procedure to follow in 
the use of these stations for navigation is 
to consult either a current consol chart or 
the current European Flight Planning Docu- 
ment. Sufficient information can be obtained 
from these two sources to enable the navi- 
gator to use the stations. 


The equipment necessary is identical to 
that for consolan, and the navigational pro- 
cedures used are the same. The effective 
range of the consol stations is approximate- 
ly 1,000 miles over sea water during the 
day and approximately 1,500 miles at night. 
The bearing accuracies are approximately 
the same as for consolan. 


DIRECTION FINDING SERVICES 


The preceding discussions of directional 
radio receivers are confined to such airborne 
sets as the radio compass, VOR receiver, 
TACAN receiver, etc. However, directional 
receivers situated on the ground can also 
provide valuable directional information to 














~~ 
Lo, 


3 aS 

2 

Bad AX 
Dee: 


LN 


eS 


Orane 


= 
a 
~ 
ee 
Sk 
2 


CA. 
oe KA pea 
TX SAAT 


ee 


5 


J 
eS 


bh 


hs tl IN 
‘ 


Be 


\e 





AF MANUAL 51-40 VOL 1 15 OCTOBER 1959 


the pilot or navigator. In essence, the air- 
craft becomes a transmitting station whose 
direction is determined by the ground re- 
ceiver. This information is then sent back 
to the aircraft for use in establishing an 
LOP or for homing. 

For example, an aircraft whose direction- 
al equipment is inoperative but whose “‘com- 
munication” sets are operative may request 
bearings from a ground station equipped 
with a direction finder. The aircraft then 
transmits a signal, the direction of which 
can be determined by the ground station in 
much the same manner that the direction 
of a commercial broadcasting station can be 
determined by the radio compass. This bear- 
ing is then sent to the aircraft over the 
normal communication channels. 


Direction finder services, when available, 
will be denoted by the letters DF (or D/F). 
This letter designation will appear on those 
aeronautical charts which display such in- 
formation (e.g., WAC charts) and in the 
Radio Facility Charts. D/F services are 
classified according to frequency band. 
Thus, a particular ground station might 
have an HF DF, a VHF/DF, or a UHF/DF 
—a high frequency, very high frequency, 
or ultra high frequency direction finder, 
respectively. The call frequency of a given 
D/F service will be found in the Radio Fa- 
cility Charts. 

The detailed procedures for obtaining 
D/F services are not included here because 
they are subject to change. These proce- 
dures may be found in a current Flight Plan- 
ning Document or Radio Facility Chart. 


Distress Procedures 


When an aircraft is lost or in dis- 
tress, the pilot or navigator may obtain 
such information as a radar steer, 
bearing, or fix. He may also obtain in- 
terception or escort assistance if de- 
sired. For the proper procedures to 
follow when lost or in distress, see the 
Radio Facility Charts or the Flight 
Planning Document. 
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FEDERAL AIDS TO NAVIGATION 


Before leaving the subject of radio, there 
are several other aids with which the navi- 
gator should be familiar. These aids are 
established and maintained by the Federal 
Government. 


Airways 


Government established and maintained 
airways in the United States, as well as in 
other countries, are of great help to both 
the pilot and the navigator. They form a 
network linking all important points in the 
country, just as highways and railways do. 
They reduce problems of navigation to 
standardized methods which work at any 
time and place and under all weather condi- 
tions. Airways may be used to go virtually 
anywhere in the United States, and at no 
time will the aircraft be more than 50 miles 
from an airport. In thinly populated areas, 
where otherwise there would be no airports, 
the government maintains intermediate 
landing fields at intervals of about 50 miles 
along the airways. 

In addition to the landing fields, airway 
aids include radio range stations, rotating 
beacon lights, radio marker beacons, and 
weather information. 

Radio and lighting aids are marked in 
blue or magenta on WAC, F.C., and other 
charts showing aeronautical data. The sym- 
bols for these aids are explained in the 
legends of the charts. 


Radio Ranges 


Radio range stations in the United States 
are spaced at intervals along the airways 
and are located near important airports. As 
previously described, the radio range beams 
may be aligned in the direction of a specific 
route and so may be used to follow the 
route. The beams of a chain of stations may 
be made to join; thus an airway may be 
made as long as desired. An _ aircraft 
equipped with any receiver which can be 
tuned to radio range frequencies (200-415 











ke) can follow the airways when the ground 
is obscured. 

In the continental United States and Can- 
ada, there are now in operation approxi- 
mately 450 radio range stations of the low- 
to-medium frequency aural type. A part of 
the range frequency band is in the low- 
frequency band, and a part of it is in the 
medium-frequency band. For this reason 
these stations are called low-to-medium fre- 
quency ranges, and they are called aural 
ranges because the signals and direction in- 
dications are received by ear. 


Marker Beacons 


Some radio beacons are designed to pro- 
vide local positional information, usually by 
means of narrow vertical beams of various 
shapes. These are called marker beacons. 
Most of those in the United States operate 
at a carrier frequency of 75 mc, modulated 
intermittently by the station identification 
or a characteristic signal at 3,000 cps. 

Z-MARKER. The Z-marker is a range 
station location beacon. It gives the pilot or 
navigator positive identification of his posi- 
tion over the cone of silence. It sends a 
directional pattern directly above the sta- 
tion, about one-half mile in diameter and 
about 10,000 feet vertically above the ter- 
rain. Reception of the signal requires a 75- 
mc marker beacon receiver, which turns on 
an amber light on the instrument panel (a 
steady glow) when in the transmitted pat- 
tern. To receive the aural 3,000-cps tone, ad- 
ditional receiver equipment is necessary; 
this extra equipment is not usually installed 
in Air Force aircraft. 

FAN MARKER. The fan marker (FM) is 
used to indicate the exact position along a 
range leg. It is also used in “holding” an 
aircraft at the fan marker location during 
heavy traffic conditions until the pilot re- 
ceives clearance to land. The fan marker 
differs from the Z-marker only in the pat- 
tern produced and the coded signals. It 
transmits a vertical beam whose cross sec- 
tion is either lens-shaped or bone-shaped. 
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The Signal is Transmitted in the Cone of Silence 


The lens-shaped pattern is about ten miles 
in width and three miles across. The bone- 
shaped fan marker is desirable because it 
provides a well-defined point directly on 
course and a wider indication to either side 
of the beam. The same 75-mc receiver used 
for Z-marker reception is used to receive 
the fan marker. The indication is a series of 
dashes on the amber light, corresponding to 
the number of the range leg on which the 
FM is located. Numbering of the legs starts 
with the first leg east of true north and con- 
tinues clockwise. If there are two FM’s on 
the same leg, the coding of the outer FM is 
preceded by two dots. 

Marker beacons are also located along the 
landing path of an Instrument Landing Sys- 
tem to keep the pilot informed of his dis- 
tance from the threshold end of the runway. 
In this usage the beacons are called outer 
marker, middle marker, and inner or boun- 
dary marker. 


Marine Radio Beacons 


Marine radio beacons are small, nondirec- 
tional radio transmitters located along a sea 
coast. They may be arranged singly or in 
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groups of twos or threes. The groups may be 
identified by the same operating frequency, 
and the main advantage in using a station 
group is that two or three bearings may be 
taken with a minimum of tuning. 


The operating times and frequencies for 
the various stations may be found in the 
Flight Information Publication documents. 
Most stations transmit twice per hour al- 
though some may operate continuously. The 
operating periods themselves vary so that one 
station may transmit for a period of 1 minute 
at 6 minutes and 36 minutes after the hour; 
another station may transmit for a period of 
10 minutes at 20 minutes and 50 minutes after 
the hour. In a station group, the stations will 
operate during the same periods but will 
alternate their transmissions. For example, 
a particular three-station group operates 
from 10 to 19 minutes after the hour and 
from 40 to 49 minutes after the hour. One 
station sends its identification signal (in in- 
ternational Morse code) from the 10th to the 
11th minute; the second station sends its sig- 
nal from the 11th to the 12th minute; the 
third station transmits from the 12th to the 
13th minute. This sequence is then repeated 
two more times during the 10-19 minute oper- 
ating period. 

The reliable range of these stations, which 
were designed primarily for marine naviga- 
tion, is from 10 to 200 miles depending on the 
power of the station. 

On aeronautical charts, the symbol for the 
marine radio beacon is a dot within a small 
circle or a solid circle with the letters ““R Bn”’ 
beside it. In the box adjoining the symbol are 
the identification letters, operating frequency, 
and schedule of transmission. 


FLIGHT INFORMATION 
PUBLICATIONS (FLIPS) 


There are three supplementary publica- 
tions which are highly recommended to the 
navigator: the Flight Information Publica- 
tion(s) Enroute (FLIP Enroute), the Flight 
Information Publication Planning (FLIP 
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Planning), and the Flight Information Publi- 
cation(s) Terminal (FLIP Terminal). There 
is such a wealth of practical flying informa- 
tion in these publications that the navigator 
who does not avail himself of their use not 
only makes his job much more difficult but 
greatly increases his susceptibility to error. 
The FLIP Enroute and FLIP Terminal docu- 
ments are carried on the aircraft, and copies 
are placed in flight planning rooms for plan- 
ning purposes. The FLIP Planning is used on 
the ground and normally is not carried on 
board aircraft. Every effort is made to keep 
the publications current by revising the basic 
publications whenever there is sufficient jus- 
tification or by issuing corrections to the 
existing volumes as necessary. 


Flight Information Publication(s) Enroute 
(FLIP Enroute) 


Flight Information Publication(s) Enroute 
are revised and distributed on a regular basis. 
Almost all the information needed in regard 
to radio aids to navigation throughout the 
geographical areas involved is contained in 
these publications. The FLIP Enroute is di- 
vided into four sections: the HIGH, LOW, 
and INTERMEDIATE Altitudes, and the 
Enroute Supplement. With the exception of 
the Supplement, these publications are in the 
form of charts. Each chart shows: 

1. Airways: Number, minimum enroute 
altitudes, control areas, and distance(s) be- 
tween radio facilities and/or reporting points 
(compulsory and noncompulsory). 

2. Radio Range Stations: Call letters, fre- 
quencies, beam directions, and A and N quad- 
rants (for LOW Altitude FLIP Enroute 
only). 

3. VOR and TACAN Stations: Call letters 
and frequencies. 

4. Airports: Airports which have control 
tower facilities are shown by both name and 
symbol on FLIP Enroute charts. (Informa- 
tion concerning tower facilities is shown in 
the FLIP Enroute Supplement only.) 

5. Fan Markers: Name, code signal, and 
distance from radio range. 





6. Homing Beacons: 
transmitting continuously. 


Nondirectional, 


FLIP Enroute Supplement 


The FLIP Enroute Supplement is a small 
book which contains a list of airports with 
the following pertinent information: 

1. Name 

2. Field elevation 

3. Aids to navigation (type, frequencies, 
power, etc.) 

4. Air Traffic Control frequencies 

5. Tower frequencies 

6. Instrument landing facilities available 

7. By whom operated (USAF, USN, FAA, 
etc.) 

The following specific information is in- 
cluded in the back of the Supplement: 


1. List of aerodromes with Instrument 
Landing Systems 


2. Special Notices 

3. List of military refueling areas 

4. ARTCC communications frequencies 

5. In-flight Procedures (normal and emer- 
gency) 


Flight Information Publication Planning 
(FLIP Planning) 


The FLIP Planning contains information 
that is static in nature and consists of a loose- 
leaf binder with appropriate section dividers. 
Major areas of interest within the sections 
are as follows: 


1. An insert containing planning data for 

each area of interest. Data consist of : 
a. Special notices 

. Procedures 
. Directory of aerodromes 
. Directory of radar facilities 
. Directory of ILS facilities 

. Directory of air space reservations 


2. re insert to cover Air Traffic Control 
procedures for specified areas. This portion 
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is issued as required and contains the follow- 
ing data: 

a. Pilot procedures 

b. Cruising altitude chart 

c. ADIZ charts and procedures 

d. Mountainous area chart 


3. An insert to cover international rules 


~ and regulations. Special Notices in the FLIP 


Planning contain corrections to these rules 
and regulations as required. In addition to 
regulatory information of an international 
nature, the FLIP Planning includes a great 
amount of usable navigation information. 
This section includes the following: 

a. Reporting procedures 
. Meteorological data 
. Standard frequencies and time signals 
. Sunrise/sunset tables 
. World time zone chart 
f. Loran coverage diagram 


g. International emergency/distress pro- 
cedures 


oO 8 OF 


An additional advantage of this publication 
is that other information of a local nature 
may be inserted as necessary. This book is 
not intended to be carried in the aircraft. 
It is, as its name implies, a flight planning 
aid. It will normally be located in base opera- 
tions or other flight planning centers. 


Flight Information Publication Terminal 
(FLIP Terminal) 


The FLIP Terminal is a two-section publi- 
cation. One section is for High Altitude and 
the other for Low Altitude. The High Altt- 
tude section is carried aboard all military jet 
(including turbo jet) aircraft. The Low Altv- 
tude section is carried aboard all military 
reciprocating engine (plus turbo jet) air- 
craft. The respective sections cover approved 
approach procedures and facilities for ap- 
plicable aircraft. Such information as mini- 
mum altitudes, radio facilities identification 
and frequencies, holding patterns, and run- 
way patterns, as well as locations and heights 
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of vertical obstructions for each listed aero- formation contained in the FLIP series of 
drome is included. Every navigator should publications. They are invaluable aids for 
endeavor to familiarize himself with the in- operational personnel. 
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Loran 


LORAN 


Loran is a hyperbolic system of electronic 
navigation developed during World War II. 
The name is derived from the words LOng 
RAnge Navigation, an appropriate descrip- 
tion of the system. It provides lines of posi- 
tion on and over the surface of the earth. 
Over water, the range from the transmit- 
ting stations during the day is approximate- 
ly 850 nautical miles and at night approxi- 
mately 2000 nautical miles. 


The relatively long range of loran is 
made possible by employing medium fre- 
quency radio waves between 1800 and 2000 
ke (kilocycles), just above the standard 
broadcast band used in the United States. 
At these frequencies, radio waves are cap- 
able of following the curvature of the earth. 


Loran lines of position can be crossed 
with each other, or with lines of position 
determined by any other means, to provide 
fixes. Unlike celestial lines of position, 
loran lines are stationary with respect to 
the earth’s surface. Their determination is 
not dependent upon compass or chronome- 
ter, and it is not necessary to break radio 
silence to obtain them. It is possible to re- 
ceive loran signals in all weather, except 
during very severe electrical disturbances. 
Observations can be made and a loran fix 
plotted in two to three minutes under good 
conditions. The accuracy of a loran fix is 
generally equal to or greater than that ob- 
tained from celestial observations. 


Chaptée 


PRINCIPLES OF OPERATION 


Since the speed of radio waves is virtually 
constant and quite accurately known, the 
time needed for a signal to travel a given 
distance can be determined with consider- 
able accuracy. Conversely, the measure- 
ment of the time needed for a radio signal 
to travel between two points provides a 
measurement of the distance between them. 
All points having the same difference in dis- 
tance from two stationary points, called foci, 
lie along an open curve called a hyperbola. 
Actually, there are two curves or parts to 
each hyperbola, as shown in the illustration, 
each representing the same time difference, 
but with the distance interchanged. Thus, 
the difference in the distances from the two 
stations is the same at points P,, P;, Ps, 
and P,. 


The loran system consists of a series of 
synchronized pairs of radio transmitting 
stations which broadcast pulse signals simi- 
lar to those used in radar, with a constant 
time interval between them. These trans- 
mitting stations are the foci. The aircraft 
has a combination radio receiver and time 
difference measuring device. The measure- 
ments made by this equipment are used for 
entering tables or charts to identify the 
hyperbola on which the receiver is located. 
(Because of the spheroidal shape of the 
earth, these lines differ slightly from true 
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Loran Hyperbolas 


hyperbolas. This difference is considered in 
the computations upon which the loran ta- 
bles and charts are based, but is generally 
ignored in a discussion of those aspects of 
the system in which it is not significant.) 
Loran determines the difference in dis- 
tance by measuring the time interval, in 
microseconds (ms), between the arrival of 
the first signal and the arrival of the second 


MICROSECONDS ===> 


TIME SCALE 


TIMING OF MASTER PULSES 
AS TRANSMITTED AT 25 PPS 


TIMING OF MASTER PULSES 
AS RECEIVED AT SLAVE 


TIMING OF SLAVE 
PULSES AS TRANSMITTED 


signal from a pair of synchronized trans- 
mitters. One of the two transmitters consti- 
tuting a pair is designated the master (M), 
the other the slave (S). The direct line 
joining these two is called the base line. The 
continuations of this line beyond the trans- 
mitters are called the base line extensions. 
The perpendicular bisector of the base line 
is called the center line. 


Delays 


BASE LINE DELAY. If both signals were 
transmitted at the same instant, they would 
arrive together at any point along the cen- 
ter line. At any point nearer the master 
station, the master signal would arrive first, 
and at any point nearer the slave station, 
the slave signal would arrive first. Since 
both signals are alike, this arrangement 
would be unsatisfactory, as it would include 
an ambiguity which could be resolved only 
by knowing the approximate position of the 
receiver. Near the center line, reasonable 
doubt might exist as to which line to use. 
This ambiguity is eliminated by delaying 
transmission of the slave signal until the 
master signal arrives at the slave station. 
This also provides a means of synchronizing 









Loran Pulse Sequence 
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the signals, for the master signal is used to 
trigger the slave station. Radio waves travel 
at about 299,708 kilometers per second. 
Since this is equal to 161,829 nautical miles 
per second, the distance traveled in one 
microsecond is 0.162 nautical miles, or 6.18 
microseconds are needed for a pulse to 
travel one nautical mile. Hence, the length 
of this delay is the time needed for the sig- 
nal to travel the length of the base line, or 
in microseconds, 6.18 times the length of 
the base line in nautical miles. The length of 
the base line, and therefore the length of 
the delay, varies from one station pair to 
another. This delay is called the base line 
delay. 


CODED DELAY. With the base line delay in 
use, the master station transmits a signal 
first. This signal travels outward in all direc- 
tions. When this expanding wave front ar- 
rives at the slave station, the slave signal is 
transmitted. If no other delay were intro- 
duced, the signals would travel together 
along the slave base line extension, and the 
time difference would be zero. By the time 
the slave signal arrived at the master sta- 
tion, the master signal would be a distance 
away equal to twice the duration of the base 
line delay. With this arrangement, however, 
the time difference readings would be so 
small in some portions of the pattern that 
identity of each signal would not be appar- 
ent until the measurement was completed, 
or nearly so. To avoid this, second delay is 
introduced. This is called the coded (or cod- 
ing) delay. The effect of this delay is to in- 
crease all time difference readings by the 
amount of the coded delay, thus assuring a 
positive value throughout the pattern. The 
coded delay is also used as a security meas- 
ure against compromise of the system dur- 
ing time of war. 


CONTROLLED DELAY. In the cathode ray 
tube of the receiver-indicator, loran signals 
appear as pips on a time base. Measurement 
of the time interva] between the two signals 
is made easier by dividing this time base 
into two halves, and putting the second half 
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over the first. Measurement is then made as 
if the beginning of each trace represented 
the same instant. This does not introduce an 
error in the reading because a third delay, 
called controlled delay (also known as half 
pulse-repetition-rate delay), is introduced at 
the slave station. Transmission of the slave 
signal does not occur at the instant the 


' master signal arrives, but at a later time, 


the wait being just half the interval between 
the arrival of one triggering master signal 
and the next. Hence, controlled delay does 
not change the reading, which still varies 
from the coded delay along the slave base 
line extension to twice the base line delay 
plus the coded delay along the master base 
line extension. 

Controlled delay also insures that when 
the master signal is near the beginning of 
the top trace, the slave signal must be on 
the bottom trace. Whenever two signals ap- 
pear on the bottom trace, the slave pulse is 
then to the left of the master. 

ABSOLUTE DELAY. The total time differ- 
ence between the transmission of the master 
signal and the transmission of the slave 
signal is called the absolute delay. It is 
equal to the sum of the base line, controlled, 
and coded delays. 


The coded delay is sometimes represented 
by the symbol 6, the base line delay by B and 
the time difference by 7. In terms of these 
symbols, the minimum reading on the slave 
base line extension is T= 5, the reading 
along the center line is T= 6+ B, and the 
maximum reading along the master base line 
extension is T = 5 + 26. 


EXAMPLE. In the illustration, the master 
and slave stations are separated by a dis- 
tance of 323.7 nautical miles. Point P, is 
175.0 miles from M and 110.2 miles from S. 
It is required to find the loran reading at (1) 
the slave station, (2) the master station, and 
(3) point P,. The distance MS, the base line, 
is converted to a time interval, symbolized 
B, and equals 2000 microseconds. The stand- 
ard coded delay is symbolized by 6 and 
equals 1,000 microseconds. In this example, 
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3000 





Approximate Computation of Loran Readings 


for a loran receiver-indicator at S, the time 
difference is only the coded delay, 5 = 1000 
microseconds. For a receiver-indicator at M, 
the master signal is received simultaneously 
with transmission, but the slave signal is 
not received until the master signal has 
traveled to S, the coded delay has elapsed, 
and the slave signal has traveled back to M. 
Thus, at M the loran reading is B+5+ 68 
or 2B +85 which is (2 x 2,000) + 1,000 or 
5,000 ms. For a receiver-indicator at P,, the 
time difference is: 


T= (—P+6+1t,) —t.=B+6+4 (t, — tn) 
where : 
B = base line delay 
5 = coded delay 


t, = travel time for slave signal to 
reach the receiver (P,) 


t.. = travel time for master signal to 
reach the receiver (P,) 
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Converting the distances from P; to M and 
S to time units at 6.18 ms per nautical mile 
gives t,,, 1080 ms, and f,, 680 ms. 

Hence 


T = 2,000 + 1,000 + (1080 — 680) = 2600 ms. 


Similarly, it is seen that T is 2,600 ms for 
any other point, such as P, which lies on the 
same hyperbola as P,. The perpendicular 
bisector of the base line has the value of 
3,000 ms in this example, since for all points 
on this line ¢, and ¢,, are equal. The illustra- 
tion shows that for any loran pair the time 
differences are least for points nearer the 
slave station and greatest for those nearer 
the master station, such as P3. 


Loran Transmission 


The loran concept is made operational by 
utilizing a pair of synchronized fixed trans- 
mitters (master and slave) alternately ra- 
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Basic Specific rate Pulse recurrence rate 
rate (station) (PPS) 
25 


25 1/16 
25 2/16 
25 3/16 
25 4/16 
25 5/16 
25 6/16 
257/16 
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Pulse recurrence time 
(micro-seconds) 


40,000 
39,900 
39,800 
39,700 
39,600 
39,500 
39,400 
39,300 





30,000 
29,900 
29,800 
29,700 


29,600 
29,500 
29,400 
29,300 


Table of Pulse Repetition Rates 


diating short bursts of RF (radio frequen- 
cy) energy in all directions. These pulsed 
transmissions consist of unmodulated pulses 
with an approximate duration of 80 micro- 
seconds. 


Consider a pair where the master and 
slave each transmit a pulse every 40,000 
microseconds, these transmissions occurring 
after the proper delays have elapsed. A 
second pair of stations utilizing the same 
radio frequency can have its pulse trans- 
missions recur every 39,900 microseconds. 
This can be continued with other pairs, re- 
sulting in a group of pairs with the recur- 
rence interval of each pair differing by a 
definite small time increment. Through 
studies and tests, two groups of pulse repe- 
tition rates (PRR) conducive to good sys- 
tem operation have been established. Each 


group contains eight pairs, the groups be- 
ing designated the low pulse repetition rate 
(L) and the high pulse repetition rate (H). 
Each station’s pulse repetition time differs 
by a time increment of 100 microseconds. 
The overall pulse repetition rates of the 
system are shown in the table. 

The use of unmodulated pulses with small 
repetition rate variations between the pulse 
pairs of a group makes it possible to trans- 
mit both groups (consisting of 16 station 
pairs) on the same radio frequency. A series 
of station pairs operating on the same basic 
pulse repetition rate and in one general geo- 
graphical area is called a loran chain. 

Assume that a receiver is tuned to a given 
frequency with its output displayed on a 
cathode ray tube, which is essentially the 
receiver-indicator in its crude form. Assume 
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also the impossible condition that the re- 
ceiver is in range of all 16 station pairs. 
The scope display would consist of a clutter 
of pulses rapidly drifting along the trace. 
If the time base of the cathode ray tube 
were set at a frequency of 25-5/16 pulses 
per second, the pulses would continue to 
drift with the exception of the L5 pair 
which would be synchronized with the time 
base of the scope and would remain station- 
ary. By setting the receiver to the proper 
frequency assigned to a station pair and ad- 
justing the scope time base to the recur- 
rence interval of the pair, selection or iden- 
tification of the desired pair is accomplished. 
Loran stations do not have to transmit call 
letters or modulate their pulses, as sta- 
tion identification is accomplished entirely 
through frequency selection and pulse repe- 
tition rate of the station pairs. 

The loran system at the present time has 
the following frequency assignments: 


Channel 1 — 1950 kc. 
Channel 2 — 1850 kc 
Channel 3 — 1900 kc 
Channel 4 — 1750 ke 
Each pair of loran stations is identified 


by a three-character symbol, in which the 
first character is the frequency channel, the 


second character identifies the pulse repeti- 
tion rate group, or basic PRR, and the third 
character identifies the exact repetition 
rate, or specific PRR. For example, 2H0 
identifies a station pair broadcasting on 
frequency channel 2 (1850 kc) with signals 
at a pulse spacing of 30,000 microseconds. 
The expression loran rate is usually applied 
to this three-character identification symbol 
which identifies station pairs and is prefixed 
to the time difference readings on the loran 
charts and tables. 


OPERATION OF LORAN EQUIPMENT 


Loran receivers are basically ordinary 
superheterodyne radio receivers. The output 
of the receiver is fed to a loran indicator, 
which is an electronic device capable of 
measuring with high precision the differ- 
ence in the times of arrival of the pulse 
signals from the master and slave stations 
of a pair. The loran indicator has a cathode 
ray tube, a vibrating quartz crystal, and 
electrical circuits known as counters or 
dividers. 

When the power is on, the screen of the 
cathode ray tube has two horizontal traces, 
a simplified version of which is shown in the 
diagram. These traces are formed by a 
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Traces on Loran 
Indicator Screen 
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single moving spot of light which horizon- 
tally traverses both upper and lower parts 
of the screen during the pulse period. The 
spot sweeps steadily across the upper part 
of the screen from left to right in slightly 
less than one half the pulse period. Then it 
moves quickly downward and to the left, 
forming a faint retrace. During the second 
half of the pulse period, the spot moves 
steadily from left to right again to form the 
lower trace. The spot then moves quickly 
upward and left to the beginning of the 
upper trace. This sequence is repeated at 
the repetition rate to which the receiver 
dials are set (assuming the set is calibrated 
correctly). In some indicators, the spot is 
blanked out during the flyback time, so that 
no retrace is visible. Since the spot moves 
horizontally along a trace at a constant rate, 
the distance between two positions of the 
spot is proportional to the elapsed time. 


A loran signa] from the receiver causes 
the spot of light to be temporarily deflected 
upward, thereby marking the time with ver- 
tical lines, or pips, as shown. If the trace 
pattern has the same length as the pulse 
period of the loran signals being received, 


Loran Signals on a Screen 
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the spot is deflected upward at the same 
position on the screen at each recurrence, 
and therefore appears stationary. If the 
sweep rate is faster than that of the loran 
signal, the pip appears slightly to the right 
on each successive sweep, and so appears to 
drift in that direction. If the sweep rate is 
slower, the signal pip appears to drift to the 
left. 


The master and slave signals can be 
identified by their relative positions on the 
sweep. The total time delay between these 
signals is always greater than one half the 
repetition period. Therefore, if the master 
signal appears near the left of the top trace, 
the slave signal appears on the bottom trace 
and to the right of the master signal. Since 
the indicator may be turned on during any 
part of the cycle, the slave signal may ap- 
pear on the top trace and the master on the 
bottom. These positions can be reversed by 
manipulating a left-right switch which tem- 
porarily changes the sweep recurrence rate 
and causes the signals to move left or right. 
In this manner, the master and slave pulses 
can be positioned so that they can be readily 
identified. When a signal drifts past the end 
of a trace, it jumps to the opposite end of 
the other trace. 


Details of measuring the time difference 
vary with the type of indicator. The two 
sets in widest operational use are the 
AN/APN-9 and the AN/APN-70. 


AN/APN-9 


Operation 
RECEIVING A STATION PAIR: 


1. Turn on the power by turning the re- 
ceiver gain control clockwise. The pilot light 
above the station selector knob should light 
up. Allow a few minutes for the equipment 
to warm up. 


2. Set the amplitude balance and fine de- 
lay controls to the center position of their 
rotation. 
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3. Set the RF channel, PRR, and the 
station selector controls at the proper posi- 
tions to receive the desired station pair. 
Notice the positions of the controls in the 
accompanying illustration. 


4. Set the function switch to position 1. 
(Two traces should appear on the scope). 






STATION - 0 


RF CHANNEL - | 


PRR -L 


Set RF Channel, PRR, and Station Selector 
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SHOCK MOUNT 
AN/APN-9 Receiver Indicator 


5. Rotate the receiver gain control clock- 
wise until the signals appear on the scope. 
(The pulses of the pair selected should be 
stationary or nearly so. Stop any slight 
movement by using the drift control). 


6. Move both signals to the lower trace 
as shown with the left-right switch. Signals 
may first appear on the top trace or on the 
bottom trace or one signal may appear on 
each trace. Position both signals on the 
lower trace, with the left signal at the ex- 
treme left of the trace. 
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RECEIVED SIGNALS 
LOWER TRACE 


VARIABLE DELAY MARKER 


Both Signals on Lower Trace 








7. Adjust the coarse delay control until 
the variable delay marker is under the 
right-hand signal. 


8. Turn the function switch to position 2. 


9. Adjust the receiver gain and amplitude 
balance controls until the signals are the 
same height and of correct amplitude. 


Note 


The amplitude balance control will 
not affect the signals when the function 





switch is in position 1. 


10. By using the left-right switch, move 
the signals toward the left side of the trace 
until they “open out” as shown in the related 
illustration. If the signals tend to drift, ad- 
just the drift control. 


FUNCTION SWITCH POSITION 2 


te om = « = . aa - at ae 





LEFT RIGHT 
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Use Left-Right Switch to move Signals 
fo Left Side of Trace 
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11. Align the signals vertically with the 
fine delay control. If they do not line up 
when the fine delay control has reached the 
limit of its clockwise rotation, re-center the 
fine delay control, then slowly turn the 
coarse delay control counterclockwise until 
the signal on the lower trace jumps one step 
to the right. Now line up the signals by 
turning the fine delay control counterclock- 
wise. As the signals are moved from the 
right side of the scope to the left side, the 
fine delay, amplitude balance, gain, and drift 
controls become increasingly sensitive. This 
happens because the left side of the scope 
is a gradual expansion of only a small part 
of the right side. 


12. Turn the function switch to position 
3. In position 3, the master and slave sig- 
nals are superimposed for final matching. It 
may be necessary to adjust the fine delay 
and amplitude balance slightly. The cap- 
tioned illustration shows the received sig- 
nals superimposed. The left hand or leading 
edge of the pulses is the most important 
part to be matched. Be sure to stop the drift 
of the signals completely before final match- 
ing. If the signal drifts toward the center 
of the scope during the final matching, the 
measured time difference is less accurate. 
If it drifts to the left, the leading edge of 
the pulse disappears quickly, and matching 
is difficult. The indicator is now synchron- 
ized with the station pair; no controls, ex- 
cept the function switch, should be changed 
until after the reading is taken. Immediate- 


Received Signals (Superimposed) 
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ly after lining up the pulses, note the time. 
This is the time of the LOP. 


READING THE TIME DIFFERENCE: 


1. Turn the function switch to position 4. 
In position 4, a single trace is divided into 
5000- and 1000-microsecond intervals as 
shown. To read the indicated time differ- 
ence, count from right to left the number of 
1000-microsecond intervals between the 
marker at the extreme right end of the 
trace and the first 1000-microsecond marker 
to the right of the sharp edge of the varia- 
ble delay marker. Estimate in microseconds 
the remaining distance between this 1000- 
microsecond marker and the sharp edge of 
the variable delay marker; this estimate 
serves to check the final reading. The ap- 
proximate reading in the illustration is 6800 
microseconds. Note that the 5000-microsec- 
ond marker is a heavier line than the 1000- 
microsecond markers. This aids in counting. 


2. Turn the function switch to position 5. 
In position 5, two expanded traces are seen 
like those in the illustration, Read Above the 


10 MS MARKER —, 


50 MS MARKER 


CROSS HAIR 


AN 
eee ae TT 


6000 
APPROX. 800 MICROSECONDS 


MICROSECONDS 


ALLL Jit iii 


Estimate Distance between 1000-ms markers 


Crosshairs. On the upper trace, the left side 
of the scale is expanded in comparison to the 
right side; the entire trace is marked in in- 
tervals of 1000, 500, 100, 50, and 10 micro- 
seconds. The lower trace is divided into 50- 
and 10-microsecond intervals, expanding to 
the left. This provides the measuring cross- 
hair which is the 50-microsecond marker 
located 30 to 70 microseconds from the left 
end of the bottom trace. Make all the time 
difference readings on the upper trace. The 
total reading obtained on position 5 is always 
less than 1000 microseconds. 


100 MS MARKER 
500 MS MARKER 
1000 MS MARKER 


900 MS 
MARKER 


FUNCTION SWITCH POSITION 5 


Read above the Crosshairs 











® 


Locate the first 1000-microsecond marker 
on the upper trace to the right of the 
crosshair. The 900-microsecond marker 
which is shorter than the other 100-micro- 
second markers will aid in identifying the 
1000-microsecond marker. It is extremely 
important to establish which is the first 
1000-microsecond marker to the right of the 
crosshair for this is the reading point from 
which measurements are made. This 1000- 
microsecond marker is the same value as 
the last 1000-microsecond marker used on 
function 4, in this instance 6000 microsec- 
onds. After establishing the reading point, 
count the number of microsecond intervals, 
reading right to left, between the reading 
point and a point on the upper trace directly 
above the crosshair. Do this by actually 
counting the time intervals indicated by the 
500-, 100-, 50-, and 10-microsecond markers. 
It is necessary to interpolate visually the 
time intervals between the 10-microsecond 
markers. A 500-microsecond marker is pro- 
vided to aid in rapid reading. It is the same 
height as the 100-microsecond marker but 


20 MS 
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is distinguishable as a faint line with a 
bright tip. 

For all AN/APN-9 receivers, add 100 mi- 
croseconds to all readings on this trace. 
This is an instrument correction and must 
be added before the loran LOP can be cor- 
rectly plotted. 

An approximate reading of 6800 micro- 
seconds was obtained when the function 
switch was on position 4. The reading on 
position 5, shown in the illustration, is 762 
microseconds plus 100-microsecond correc- 
tion, or 862 microseconds; the total reading, 
therefore, is 6862 microseconds. 

CRITICAL READING: When time differ- 
ences are near the 1000-microsecond unit, 
such as at an uncorrected reading of 6025, 
an expanded 1000-microsecond marker ap- 
pears toward the left side of the upper trace 
but to the right of the crosshair. 

This 1000-microsecond marker is a double 
peak, and as in the illustration showing 
the double 1000-microsecond marker, the 
right-hand peak is taller than the left-hand 
peak. Read from the left edge of the double 


1000 MS MARKER 


8MS — 


Lg LI 


CROSS HAIR 
READING POINT 


OF 1000 MS MARKER 


Read from Left Edge of Double 1000-ms Marker 
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1000-microsecond marker to the crosshair. 
In such a case, the reading will always be 
less than 100 microseconds. 


When the double 1000-microsecond mark- 
er appears over the crosshair, it is expanded 
into a double pulse 20 microseconds in width. 
The left-hand edge is the 1000-microsecond 
point. Therefore, the width of each pulse 
should be counted as 10 microseconds in 
order to interpolate for the correct count. 
In such a case this part of the reading will 
always be greater than 980 microseconds, 
but less than 1000. 


Homing is the technique of arriving over 
a destination by heading the aircraft toward 
that point by reference to radio, loran, 
radar, or similar devices. Loran homing dif- 
fers from radio in that the line of position 
is portrayed on a cathode ray tube. The 
accuracy igs somewhat greater since the 
pulse is continually in view. Although loran 
is not universally adaptable for homing, it 
can be employed at longer ranges than the 
standard methods used with low fre- 
quency ranges and omniranges. 


In order to accomplish loran homing with 
the APN-9, select the LOP which runs 
through destination. If destination does not 
lie on a printed LOP, interpolate between 
LOP’s on either side to obtain the desired 
time difference value for destination. For 
example, assume destination lies on the 
2,325-microsecond hyperbola of station 2L1. 
The homing procedure follows: 


1. Set the RF channel switch to channel 
2, the PRR switch to L, and the station 
switch to 1. 


2. Set in the time difference reading of 
the 2,325-microsecond hyperbola on the 
loran indicator as follows: 


a. Turn the function switch to position 4. 


Adjust the coarse delay control so that the 
variable delay marker is approximately 


Function 4 — Approximate Reading — 2500-ms 


halfway between the second and third 1,000- 
microsecond markers, counting from the 
right. This will give the first rough setting 
of approximately 2,500 microseconds as 
shown. 


b. Turn the function switch to position 5. 
In order to set the proper reading into the 
APN-9, 100 microseconds will have to be 
subtracted from the desired LOP value (the 
100 microseconds is not subtracted when 
using the APN-70). Therefore, the cross- 
hair on function 5 is positioned under the 
25-microsecond marker, and two 100-micro- 
second markers are between the crosshair 
and the first 1000-microsecond marker. 
Position the marker as shown in Function 5 
with the fine delay control. 


10 MS MARKER 


Nh 


CROGS HAIR 


a =- = - — = - blr ial 


Function 5 — Homing Procedure 


ce. Turn the function switch to position 1 
to insure that the pulses are both on the 
lower trace; if not, position them correctly 
with the left-right switch. 

















tous : ws >is a _ Sd > ~ 
: ; me 
« ; 
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| SLAVE “ 
MASTER 


Function 6 — Aircraft on LOP Passing 
Through Destination 


3. After properly positioning the pulses 
on function 1, switch to function 6. The 
slave pulse will be on the top trace and the 
master pulse will appear on the lower trace 
as illustrated on Function 6. If the air- 
craft is precisely on the LOP which has 
been set into the receiver, the two pulses 
will be aligned underneath one another; if 
the aircraft is not on the preset LOP, the 
slave pulse (on the upper trace) will appear 
either to the right or left of the master 
pulse. When the slave pulse is to the right 
of the master pulse, the aircraft is on an 
LOP of a higher value than that which is 
preset into the loran receiver. When the 
slave pulse is to the left, the aircraft is on 


APN-9 Right Side 
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an LOP of lesser value. (A good rule of 
thumb: slave left, value less). 


If the aircraft is approaching the LOP 
from either side, the two pulses will move 
closer to each other until, when the aircraft 
reaches the LOP, they coincide. It is at this 
time that the “turn-in” to the LOP is made. 
Watch the slave pulse. If it moves off to 


- the right, the aircraft is drifting off to an 


LOP of higher value. If the LOP of higher 
value is to the right of course, the aircraft 
is drifting right, and the correction will be 
made to the left. The direction to turn will 
depend upon where the aircraft is located 
relative to the desired LOP. 

It is also advisable to monitor the homing 
on function 3. Since both pulses will be su- 
perimposed, minute variations from the 
LOP can be quickly detected. It is advisable 
to use both functions 3 and 6 in conjunction 
with each other throughout the homing 
procedure. 


CAUTION 


After the time difference has been 
set into the receiver, do not touch the 
fine or coarse delay controls. While fly- 
ing the LOP, check the preset time dif- 
ference periodically to insure that it 
has not changed. 


FA. SW. AMPL. 
ADJUSTMENT 


COARSE DELAY 





H-PRR MAX, 
ADJUSTMENT 
COARSE DELAY 
L-PRR MAX. 
ADJUSTMENT 
COARSE DELAY 
L-PRR MIN. 
ADJUSTMENT 
COARSE DELAY 
H-PRR MIN. 
ADJUSTMENT 
FINE DELAY 
ADJUSTMENT 
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ANTENNA CABLE RECEPTACLE 






ANTENNA 
POWER SUPPLY CABLE RECEPTACLE 


POWER SUPPLY 





FOCUS 
ADJUSTMENT 
6 ADJUSTMENT 
BRILL 
ADJUSTMENT 
C ADJUSTMENT 
SLOW SWEEP D ADJUSTMENT 
H. CENT. 
ADJUSTMENT 2 ADJUSTMENT 
SLOW SWEEP E ADJUSTMENT 
AMPL. 
A 
DJUSTMENT B ADJUSTMENT 
FA. SW. 
H. CENT. 
ADJUSTMENT R-L ADJUSTMENT 
VERT. CENT. 
ADJUSTMENT 
MARKER AMPL, 4 ADJUSTMENT A ADJUSTMENT 
ADJUSTMENT CROSS HAIR 
ADJUSTMENT F ADJUSTMENT 
APN-9 Left Side 
Calibration justments should be checked each time the 


; equipment is used on a flight. The proce- 
Although the APN-9 is a very accurate dures outlined in APN-9 Calibration are 


instrument, there are certain adjustments recommended as the simplest and easiest to 
which must be made for the equipment to follow. Refer to the illustration to locate the 
operate properly and accurately. These ad- adjustment screws. 


TUBE FAILURES 


No sweep after sweep amplitude has been | Fast sweep tube failure. 
adjusted, or only one sweep on functions 2, 
3, 5, 6. One or two dots on the left side of | Coarse or fine delay tube failure. 
the scope. 
















One of the three voltage regulator tubes has 
failed. 


No variable delay notch. The coarse or fine delay tube has failed. 


No signals, and no changes in grass with | One, or more, of the seven receiver tubes 
the antenna connected or disconnected. has failed. 


Only a single dot in the middle of the scope. 
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Adjust to center vertically Vert. 
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trace) 
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Hair 
Move L-R switch to right, stn. rate marker should jump two spaces left 


Marker reads between 11,000 & | 5th hole | C.C.W. 
11,500 Right 
Side 
Marker just off screen recheck pre- |2nd hole | C.W. WwW. 
vious step Right 
Side 
4th hole | C.C.W. WwW. 
Right 
Side 
Marker just off screen 3rd hole 
Recheck previous step Right C.W. 
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2) 
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Marker reads between 13,500 & 
14,000 
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Ww. 






Rotate fine delay C.W. to C.C.W. and count hundreds; read no less than 700 nor | Ist hole Seton | C 
more than 1500 Right 5000 & 
Side C.C.W. 


APN-9 Calibration 
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REPAIRS MADE IN THE AIR 


L-R causes no motion of signals in one | Usually the B adjustment. Hold the L-R 
direction. switch in the position where there is no 
motion, and adjust B until the proper mo- 
tion appears. 

Less frequently, A or L-R adjustments need 
attention. 













One particular pair of signals will not stop. | The drift control needs adjusting. 
B, L-R, 2, 4, 6, or F adjustments need slight 
retuning. 


No signals received. Make sure the set is connected to the an- 
tenna. 
Check for loose antenna connector. 
Check the tuning of the CU-92 antenna 
coupler. 





Obtain a DR position and determine the 
reading for the loran LOP for that position. 
Preset this reading using functions 4 and 5. 
Determine which transmitter is_ closer 
(master or slave) to the DR position and 
position the signal on function 1. Place it on 
the left-hand edge of the bottom trace if 
the slave is closer, or in the notch above the 
variable delay marker if the master is 
closer. 

Turn to function 2, turn up the gain and 
adjust the amplitude balance. If it is within 
range, the other signal will show. 





Only one signal is visible on function 1. 

























Adjust the amplitude balance. 
Make sure the signals are correctly posi- 
tioned on function 1. 


Only one signal can be seen on function 2. 













Traces and calibration markers are jumping | More than likely the voltage regulators are 
and jittery. malfunctioning. The engineer can adjust 
them for correct voltage output. 

The loran set may need recalibration. 


Power failure in the loran set. Turn the set off and replace the fuse on the 
front of the set. 


Antenna failure. In the case of failure of the loran antenna, 
other antennas of the aircraft may be 
utilized. 


Variable delay marker jumping. Readjust the coarse delay knob. 
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SYNCHRONIZATION. There is one symp- 
tom which will appear on the scope that can 
be confused with a poorly calibrated set. 
This is the inability of the stations in the 
loran pair to maintain close synchronization 
of their transmission during their pre- 
scribed loran cycle of operation. It can 
readily be seen that any deviation by a 
station from its specific sequence of opera- 
tion will result in errors of a high order. 
Stations of a pair are so equipped that each 
is able to monitor its own transmission along 
with the transmission of its mate. Whenever 
synchronization discrepancies are noted on 
these monitors, one station (or both) will 
immediately make the fact known by caus- 
ing their transmissions to blink, or, in some 
stations, by causing their pulses to shift 
back and forth. Viewed from the receiver 
end, the pulse from a pair in trouble will 
blink at a regular rate, or advance a small 
number of microseconds along the trace and 
shift back to its original position. Whenever 
a blinking or shifting pulse appears, the 
operator cannot take readings on the pair 
but must select another pair for his read- 
ings. If this shifting or blinking is noted just 
after the set has been turned on, no cali- 
bration procedures at the receiver can cor- 
rect it. When the station pair is back in 
synchronization, the pulses will return to 
their normal] presentation. 


AN/APN-70 


Components 


The AN/APN-70 loran receiver was built 
to replace the APN-9. The features of the 
APN-70 include: 

Dual, direct time delay measuring sys- 
tems. 

Automatic drift control. 

Five-inch indicator tube in separate case. 

The APN-70 provides a direct reading in 
microseconds of the indicated time differ- 
ence. The indicated time differences are dis- 
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played on decade type revolution counters, 
which are mechanically coupled to the 
variable delay crank control located on the 
front panel of the receiver. The dual delay 
systems allow one reading to be retained 
while the second reading is being taken. This 
permits easier operation and fewer reading 


. errors. 


Note 


The APN-70 provides for low fre- 
quency (LF), triad operation. This sys- 
tem, however, will not be put into oper- 
ation. The triad system was designed to 
provide the navigator with simultane- 
ous LOP’s from two station pairs with- 





out switching to the different delay 
functions. The system was intended to 
operate in the low frequency band, 20 
ke to 300 ke. Although the APN-70 has 
provisions for this type of operation, it 
will not be discussed in this manual. 


Automatic drift control (ADC) causes the 
received pulses to drift to and lock on the 
leading edges of the pedestals on which the 
operator places them. The advantage here 
is that time is saved in stopping the pulses 
and accuracy is improved by matching the 
more stable pulses. 


A manual drift control is still provided 
for use when sky waves are present, or 
under excessively noisy conditions. The 
ADC switch allows the operator to choose 
between the manual drift control (ADC-OFF) 
or the automatic drift control (ADC-ON). 


Operation 
Usinc ADC: 


1. Apply power to the receiver-indicator 
by turning the Master-XZ gain control clock- 
wise until the panel lettering is illuminated. 
Allow at least five minutes for the equip- 
ment to warm up. 


2. Set the gain controls at the center 
position of their rotation. 
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W-DELAY R-RATE Y-DELAY 
COUNTER SWITCH COUNTER 
W-DELAY DRIFT 
CRANK CONTROL 
ADC 
SWITCH 
LEFT-RIGHT 
SWITCH 

Teed el OPPS Y-DELAY 

CRANK 
ANTENNA 
CONNECTION 


MASTER XZ GAIN 


SLAVE W GAIN CONTROL 
CONTROL 
CHANNEL SLAVE Y GAIN 
SELECTOR CONTROL 


FUNCTION 
SWITCH 





HF DELAY 
CONTROL 


APN-7O Receiver 


3. Turn the ADC switch to the ON posi- 
tion. 


4. Set the channel and R-rate switches at 
their proper positions to receive the desired 
station. 


5. Set the function switch to position 1 
(slow sweep). 


6. Set the HF-delay switch to W. 


Note 





HF (high frequency) Delay switch 
selects either the W- or Y-Delay sys- 


tem. 


7. The ADC causes the received pulses to 
drift into and lock on the leading edges of 
the pedestals. If two pulses appear on one 
trace, move the master pulse to the master 
pedestal by means of the left-right switch. 


8. Rotate the Master-XZ and Slave-W 
gain controls until the received signals on 
the indicator screen are approximately the 
same amplitude. 
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9. With the W-Delay crank in the coarse 
adjustment position (shaft pushed in), move 
the slave pedestal (on the bottom trace) 
under the slave pulse as shown in Function 1. 





APN-70 Indicator 








PULSE 


MASTER 


PEDESTAL 
SLAVE | ; 


APN-70, Function I 


10. Turn the function switch to position 
2 (medium sweep). 


11. Position the expanded pulses directly 
over one another, as shown in Function 2, 
by use of the W-Delay crank. 


y, \ MASTER 
y, \. SLAVE 


APN-70, Function 2 


12. Turn the function switch to position 
3 (fast sweep). 


13. With the W-Delay crank in the fine 
delay adjust position (shaft pulled out), 
crank until the two pulses are superimposed 
as shown in Function 8. Adjust the Master- 
XZ and Slave-W gain controls until the 
pulses have the same amplitude. Align the 
pulses, especially the leading (left-hand) 
edges, as closely as possible. 
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MASTER AND SLAVE 
SUPERIMPOSED 


APN-7O, Function 3 


14. Record the time. The time of match- 
ing is the time of the LOP. 


Note 


The indicated time difference can 
now be read directly. Use this reading 
to select a second station pair by locat- 
ing the aircraft on one loran line of 
position. It is preferable, however, to 


select two station pairs initially and 
thus save time by getting a second read- 
ing quickly and plotting both readings 
at the same time. 


15. Set the channel and R-rate switch to 
a second station pair. 

16. Set the function switch to position 1. 

17. Set the HF-Delay switch to Y. 

18. Rotate the Master-XZ and the Slave- 
Y gain controls until the signals on the indi- 


cator screen have approximately the same 
amplitude. 


19. With the Y-Delay crank in the coarse 
position (shaft pushed in), move the slave 
pedestal under the slave pulse. 


20. Turn the function switch to position 2. 


21. Position the expanded pulses directly 
over one another by use of the Y-Delay 
crank. 


22. Turn the function switch to position 3. 


AF MANUAL 51-40 VOL 1 15 OCTOBER 1959 








A. ON COURSE 





= 


B. OFF COURSE a 


Function 4 — Homing 


23. With the Y-Delay crank in fine delay 
adjust position (shaft pulled out) crank un- 
til the two pulses are superimposed. Adjust 
the Master-XZ and Slave-Y gain controls so 
that the pulses have the same amplitude. 
Align the leading edge of the pulses as 
closely as possible. 


24. Record the time. 


25. The time difference readings of the 
first and second station pairs can be read 
directly from the W and Y-Delay counters 
respectively. 


26. Using the two readings and their re- 
spective times, two loran lines of position 
can be plotted. When the LOP’s are resolved 
to a common time, a loran fix is established. 


27. When operation of the equipment is 
completed, turn the Master-XZ gain control 
to the POWER OFF position. 

WITHOUT ADC: The operation without 
ADC is essentially the same as outlined for 
operation using ADC with the following ex- 
ceptions: 

Step 3. Turn the ADC switch to the OFF 
position. 

Steps 8 and 19. Rotate the drift control 
until the pulses are stationary. Press the 
left-right level to the left or right as re- 
quired to place the master pulse on the 
master pedestal. Be certain that there is 
only one pulse on each trace. 
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Homing 


Like the APN-9, the APN-70 can also be 
used for homing. The direct reading feature 
of the APN-70 makes homing a simple pro- 
cedure. An LOP is selected from the chart 
along with the proper channel and station 
rate. These values are set into the receiver 
using the appropriate controls. As with the 
APN-9, first position the pulses on function 
1, and then switch to function 4. 

The most important difference in the 
homing procedure with the APN-70 is that 
the master pulse is on the top trace on func- 
tion 4 and the slave pulse is on the bottom 
trace (see Function 4—Homing). The same 
rule applies in making the corrections to the 
LOP;; i.e., when the slave pulse is to the left 
of the master pulse, the aircraft is drifting 
to an LOP of lower value than that which is 
set into the set. But remember that the 
slave pulse is on the bottom trace. 


Continue to monitor the progress down 
the LOP throughout the homing procedure. 
It is also advisable to use function 3 in con- 
junction with function 4 where more exact 
corrections are desired. 


Calibration 


Most of the calibration of the APN-70 is 
done on the ground by trained technicians. 
However, there are certain checks which 











should be made to determine if the equip- 
ment is operating properly. There are also 
a few screwdriver adjustments used to posi- 
tion and focus the trace, etc. 


PRELIMINARY ADJUSTMENTS: 


Indicator: Adjust the brilliance control 
to the desired brightness of the trace. The 
focus and astigmatism controls are used to- 
gether to obtain a clear and sharp trace. 
The vertical centering control moves the 
entire scope presentation up or down. 


Receiver: As stated earlier there are 
three sweep speeds on the APN-70. The 
SLOW SW. AMP. and SLOW SW. HOR. CENT. 
controls the length and centering of the 
trace on function 1. The MED. SW. AMP. 
controls the length of the trace on functions 
2 and 4, while the FAST SW. AMP. has the 
same effect on functions 3 and 5. The MED. 
to FAST SW. HOR. CENT. controls the center- 
ing of the trace on functions 2, 3, 4, and 5. 
The PED. DUR. controls the width of the 
pedestal. On function 5, with traces super- 
imposed, the PED. DUR. control is adjusted to 
obtain four positive pips (pips pointing up- 
wards). 


CALIBRATION CHECKS: 


1. Turn the function switch to position 5, 
the R-rate switch to H-7, and the HF-Delay 
switch to W. Turn the delay crank until the 
two traces of function five are aligned. The 
last two digits of the W-delay counter read- 
ing should be 00. Check several other coun- 
ter readings; each time the two traces of 
function five are superimposed the delay 
reading should end with 00. Switch to the 
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Y-delay system and check several more 
readings. 

If the delay readings do not end with a 
double zero, the difference between the ac- 
tual reading and the double zero reading 
must be applied as a correction. The correc- 
tion should be constant at every reading 
checked above. If it is not, the set should 


- be rejected. 


2. The second check is called the trace 
drop-out point check. Turn the function 
switch to position 2, the R-rate switch to 
any position, and HF-delay switch to W- 
delay. Pull out the delay crank and turn it 
in a clockwise direction until the lower trace 
just disappears. The reading on the W-delay 
counter should be the value shown for that 
particular repetition rate +10. The differ- 
ence between counter reading and tabulated 
value is the correction factor. This factor 
must be the same for all repetition rates 
when using the W-delay. 


8. Repeat the above procedure using the 
Y-delay. 


Note 





Counter reading differences greater 
than 10 microseconds indicates the set 
will not synchronize with the station 


pair indicated by the R-rate switch and 
the set should be rejected. 


SYSTEM MALFUNCTIONS 


As with any type of electronic equipment, 
loran is subject to malfunctions. Some of 


DELAY po DELAY READINGS = 100—s—‘—sSCS 


Basic Station Rate 
Rate 


13025 
18025 


13075 
18075 


13125 
18125 


13175 
18175 





13375 
18375 


13325 
18325 


13225 
18225 


13275 
18275 


Trace Drop-out Points 
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these “malfunctions” require little more 
than recalibration of the set for correction. 
Others are discrepancies of a higher order, 
but many can be remedied in the air. Most 
of the airborne malfunctions will fall into 
one of three categories: calibration, elec- 
trical channel, or signal channel. If the diffi- 
culty can be identified as being in one of 
these three areas, the first step in remedy- 
ing the s'tuation has been taken. 


Electrical Channel 


Power to the loran system aboard the air- 
craft is supplied by the generators (DC) 
and the alternators (unregulated AC). 
(Some of the aircraft supply regulated AC 
from the inverters to the loran system). 
DC power is supplied to the antenna cou- 
plers and AC power to the loran set itself. 
The diagram shows a typical loran installa- 
tion. On each aircraft there will be a 
series of circuit breakers, fuses, and switch- 
es between the power source and the loran 
set. On the APN-9 when no power is being 
received, check the simplest area first; e.g., 
the fuse at the loran set. If this is not 
blown, go backwards through the electrical 
channel until the malfuhction is found. Con- 
sult the appropriate flight handbook for the 
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location of fuses, spare fuses, circuit break- 
ers, etc. (There is no fuse in the APN-70). 


Signal Channel 


The signal is received either through a 
fixed antenna or a trailing wire antenna. 
From the antenna, the signal goes through 
a coupler to the loran set. If there is power 
to the set but no signal is being displayed, 
there is a strong possibility that the diffi- 
culty lies in the signal channel. There is 
generally a circuit breaker for the coupler 
itself. Check to see that it hasn’t “popped.” 
The coupler will, in most cases, have a fuse 
on it which should also be checked. If no 
malfunction is found in the coupler or an- 
tenna, check the antenna connection at the 
loran set. 


Aircraft equipped with trailing antennas 
are generally provided with a spare anten- 
na reel kit. The antenna can be changed in 
flight if it is determined that it is missing. 
One remedy which has been effective when 
no signals are being received is to place a 
jump wire from the loran set to the liaison 
radio or other antenna outlet. Caution should 
be taken not to operate the radio while this 
jump wire is connected. 
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ANTENNA COUPLERS 


On aircraft equipped with trailing anten- 
nas, the CU-167 coupler is installed. This 
coupler has no adjustments on it since the 
optimum signal reception is obtained by 
reeling the trailing wire out to one-quarter 
wavelength. This can easily be accomplished 
with an assistant. As the antenna is reeled 
out, the signals will rise in amplitude, and 
after the quarter wavelength mark is 
passed, the signals will decrease somewhat 
in amplitude. Have the assistant reel the 
antenna back in until the signal of the high- 
est amplitude is obtained. 

Most aircraft equipped with a fixed anten- 
na use the CU-92 coupler in the loran sys- 
tem. Antenna tuning to a quarter wave- 
length for the optimum loran signal is ac- 
complished by making a screwdriver adjust- 
ment in the coupler unit. 

If the exact location of the coupler unit 
is unknown, it can be located by tracing the 
antenna cable from the loran set. The cou- 
pler is a small metal box about four inches 
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high, with two antenna connections on one 
side and one on the other. 


The adjustment is made as follows: 
1. Tune in a station pair with the func- 


tion switch on position 1. Position the pulses 
properly. 


2. Switch to function 2 and center the 


signal on the upper trace. Adjust the gain 


contro] until the signal is approximately 
one-half inch in height. 


3. Remove the small cap from the coupler 
and insert a screwdriver; while an assistant 
watches the scope, adjust the coupler for 
maximum reception. 


LORAN CHARTS AND PLOTTING 


Charts 


The hyperbolas of the various station 
pairs serving an area are normally printed 
100 microseconds apart on a Mercator pro- 
jection. In order to determine the exact 
position of a given LOP, it is necessary to 
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1825 MICROSECONDS 


Space is Divided into Smaller Increments 


interpolate between the printed LOP’s. Ad- 
ditional LOP’s are printed 20 or 50 micro- 
seconds apart when the distance between 
100-microsecond LOP’s is too great for ac- 
curate interpolation. 


Plotting the LOP 


In most cases the time difference read- 
ing determined from a given station pair 
will not fall on the printed LOP’s of the 
chart. To plot the LOP, it will be necessary 
to interpolate between two printed LOP’s 
representing time differences on either side 
of the reading. In most cases, the LOP is 
plotted parallel to the charted hyperbolas 
for that given station pair. 


There are several methods by which the 
navigator can determine the exact interpo- 
lation between the printed LOP’s. In the 
example shown, assume that a reading of 
1825 microseconds has been obtained from 
station ILO. To plot this LOP, subdivide the 
space between ILO-1800 and ILO-1900 into 
increments so that the 1825-microsecond 
LOP can be plotted easily. This subdividing 
can be done by using the edge of a plotter 
and the graduations marked on it. Notice in 
the illustration that by placing the plotter 
diagonally across the 1800- and _ 1900- 


microsecond hyperbolas, the space is subdi- 
vided into a convenient number of incre- 
ments, usually 10. The 1825-microsecond 
LOP can now be drawn easily. 


The slide rule face of the computer can 
also be used to determine the proper spacing 
for the interpolated LOP. Using the fore- 
going example, assume that the distance 
perpendicular to the LOP’s from 1800 to 
1900 is 48 miles. Set the following propor- 
tion on the slide rule face: 


48NM 12NM 
100Ms 25Ms 


The 1825-microsecond LOP will be located 
12 miles in from the 1800-microsecond LOP 
on the chart. 


Another method may also be used. Con- 
struct a graph as shown. With the slanting 
line, a variable scale is set up which can be 
used for any distance. Set the dividers on 
the distance between the two hyperbolas. 
Move the dividers down from the top of the 
graph to the point where 100 microseconds 
on the dividers reaches 100 microseconds on 
the graph. Then readjust the dividers to the 
distance in microseconds which is desired 
and the proper plotting distance will be rep- 
resented on the dividers. This graph can be 








ne 


20 40 60 80 100 
MICROSECONDS 





Interpolation Graph 


drawn on a separate piece of paper, or the 
drift lines of the DR computer slide may be 
used. 


If plotting becomes difficult because of 
curved hyperbolas, it may be necessary to 


wer 
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plot a curved LOP by interpolating in two 
or three places. When the LOP is used in 
conjunction with another to determine the 
fix, however, the curved LOP need not be 
plotted if the straight LOP is plotted first. 
Since the hyperbolas diverge as the distance 
from the station increases, an LOP will only 
be exact at its point of interpolation. To 


minimize errors, the interpolation should 


always be made in the area where the fix 
will fall. 


GROUND WAVES AND SKY WAVES 


Theory 


The path over which loran waves travel 
affects their range and characteristics and 
the reliable accuracy of the time difference 
readings. As indicated in the chapter on 
radio, the energy which travels along the 
surface of the earth is called the ground 
wave, and that which is reflected from 
the ionosphere is called the sky wave. Since 
both one-hop and multiple-hop reflections 
occur from both the E and F layers as 
shown, a single transmitted pulse may be 
received as a series or train of pulses. 


RECEIVER 


Both Ground Waves and Sky Waves may be Received 
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GROUND WAVE 
1 -HOP-E 


/ 


<— 1 - HOP - F———> 


te}. 


—<— 2-HOP-F——> 


Train of Loran Pulses on Screen 


A signal which travels to the ionosphere 
and back travels a greater distance than 
one which follows the surface of the earth. 
The amount added to the length of the path 
depends upon the height of the reflecting 
layer, the number of hops, and the distance 
of the receiver from the transmitter. Be- 
cause of these several variables, the time 
difference readings of sky waves at any 
given location cannot be predicted with the 
same accuracy as the readings of ground 
waves. For this reason, ground waves should 
be used when available, even though they 
may be considerably weaker than _ sky 
waves. When ground waves from both sta- 
tions are not available, one-hop-E sky waves 
should be used. The F-layer is too unstable 
and variable in height to permit reliable 
predictions of time differences. In multiple- 
hop-E signals, the possible error is multi- 
plied beyond an acceptable value. 

Loran charts and tables are prepared on 
the basis of ground waves. The difference 
between these values and the sky wave 
readings depends upon the difference be- 
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tween the amount each signal path (master 
and slave) is lengthened. This difference is 
tabulated as a sky wave correction to be 
applied to sky wave readings to convert 
them to the equivalent ground wave read- 
ings. 

As one approaches the transmitters, the 
sky wave corrections become greater, since 
there is a greater difference in travel dis- 
tance between the ground wave and the sky 
wave. Because of the variations of the iono- 
sphere, the sky wave corrections also be- 
come less reliable, so that within 250 miles 
of the station the uncertainty becomes un- 
acceptable. The sky wave correction is posi- 
tive on the master side of the center line, 
zero on the center line, and negative on the 
slave side of the center line. Corrections for 
one-hop-E sky waves are printed on the 
loran charts for every two degrees of longi- 
tude and every two degrees of latitude as 
illustrated. 

The averaging method of interpolation is 
used if the receiver is located between the 
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Section of a Loran Chart 


printed corrections. The sky wave correc- 
tion applicable to a specific geographical 
location is then applied to the final reading 
from the set before it is plotted. 


identification 


Identification of ground waves and sky 
waves is essential if the interpretation of 
loran readings is to be reliable. Signals ap- 
pear along either trace in the order in which 
they are received, starting at the left. Since 
the ground wave path is shortest, a ground 
wave signal, when received, appears first, 
followed by the one-hop-E signal, and then 
the others in the order of the distance 
traveled. This provides the first guide to 
identification, but it leaves open the question 
of whether the first signal is a ground wave 


or a sky wave. There are several other fac- 
tors which will be of assistance in identify- 
ing the signals on the scope: 


1. Distance of the aircraft from the two 
stations. With older loran transmitters of 
100-kw peak power, ground waves can near- 
ly always be received to a distance of 500 
nautical miles during daylight operations 
over land. Over water, the maximum range 
during daylight may be as great as 700 
miles. Newer transmitters, having a peak 
power of 1,000 kw, produce ground wave 
signals that can be received at a distance of 
850 to 1200 nautical miles, depending upon 
atmospheric conditions. During nighttime 
operation, the range of ground waves can 
be expected to decrease to two-thirds that 
of daylight range because of atmospheric 
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noise. When the receiver is located well 
within the ranges of ground waves, the 
first signal appearing on the trace can be ex- 
pected to be a ground wave, all other fac- 
tors being equal. 


2. The time of day. Sky waves are gen- 
erally not receivable during the daylight 
hours. As twilight approaches, it is not un- 
usual for the first sky wave reflection to 
appear in the late afternoon before sunset, 
and continue into the morning daylight for 
three or four hours. The illustration shows 
the variation of sky waves with the time 
of day. 


3. Intervening land masses. When a 
ground wave passes over land, its range is 
significantly reduced due to the attenuation 
properties of the land. For this reason, a 
ground wave which would normally be re- 
ceived may be absent due to intervening 
land. As little as 30 miles of land between 
the transmitter and the receiver may de- 
crease the ground wave range as much as 
150 nautical miles. 


4. Distance between the master and slave 
stations. In a station pair with an extremely 
long base line, it is possible to receive a 
ground wave signal from one transmitter 
and yet be out of range for ground wave 
reception from the other transmitter. An 
example of such a station pair is 1L4 in the 
Greenland area which has a base line nearly 
600 miles in length. 


5. Relative east-west position of the sta- 
tions with respect to the receiver. If the 
base line of a station pair is laid out in an 
east-west direction, it may be possible to 
receive a sky wave much earlier in the 
afternoon than anticipated. When the re- 
ceiver is located so that only a faint sky 
wave signal is beginning to appear on the 
trace from the master station 300 miles east 
of the aircraft, the slave signal coming from 
800-900 miles to the east may be presenting 
a very strong sky wave signal since it is 
twilight or later in the slave station area. 











| 5 


All of these factors should be considered 
in interpreting the signals which appear on 
the scope. Ionospheric variations from sea- 
son to season, day to day, and hour to hour, 
may cause peculiarities in signal presenta- 
tion which do not follow the accepted rules 
of radio propagation; extreme care in the 
interpretation of signals should be taken 
when such variations are suspected. 


Note 





Radio propagation forecasts are re- 
ported through the facilities of WWV; 


consult the Flight Planning Document 
for further information. 


CRITICAL ZONE. These factors which have 
been noted contribute to the uncertainty of 
the maximum range at which ground waves 
are received. This results in a critical zone 
where the identity of the first signal por- 
trayed on the scope becomes difficult. The 
critical zone exists at the outer limits of 
ground wave range where the navigator 
cannot be sure whether the first signal on 
the scope is the ground wave or the one- 
hop-E sky wave signal. 

Within this critical zone, and as a check 
elsewhere, the appearance of the signal 
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with the greatest magnification serves as a 
useful guide. Normally, the strength of a 
ground wave signal changes so slowly that 
it appears essentially constant over a much 
longer period of time than needed for mak- 
ing a time difference reading. In contrast, a 
sky wave is subject to fading (See chapter 
on radio), and its cycle may be less than a 
minute or may extend over a period of sev- 
eral minutes. It is good practice to watch 
the scope for several minutes before making 
a reading, in order to be reasonably certain 
of the identity of the signals. Sky waves are 
also subject to splitting. This is a division 
into two or more peaks which may fade in- 
dependently. The first part of a sky wave 
may completely fade away, and a reading 
taken on the remaining portion would be in 
error. Again, a few minutes’ study of the 
scope is the best precaution. During this 
study, it is well to turn up the receiver gain 
to the maximum consistent with the noise 
level, so that comparatively weak signals 
or leading portions of signals will not be 
overlooked. 

The typical splitting and fading of a sky 
wave is illustrated. When matching two 
such sky waves, the left edges of the two 
pulses may differ in respect to heights and 
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slopes. Experience has proven that, when 
this situation exists and the navigator is 
reasonably assured that the sky wave is not 
in the process of splitting and fading, a 
match of the lower left-hand edges will give 
the most accurate readings. 


WAVE POSITION DIAGRAM. The wave posi- 
tion diagram illustrated, may be utilized to 
identify the signals which are seen on the 
scope when more than one signal from a 
loran station (master or slave) is being re- 
ceived. The diagram is so plotted that the 
usual spacing of a ground wave to a one- 
hop-E sky wave and the usual spacing of 
the one-hop-E sky wave to the following 
waves in the loran signal train can be read 
from the bottom of the diagram. To use the 
diagram, enter from the left vertical scale 
with the distance from the transmitter. It 
is important that the specific signal is 
known; i.e., master or slave. By comparing 
the microsecond value obtained between the 
left edges of two doubtful signals to the 
usual spacing of these signals, the proper 
identity of the signals may be found. The 
following explains the procedure. 


EXAMPLE. The navigator is approxi- 
mately 460 nautical miles from the slave 
transmitter, 900 nautical miles from the 
master transmitter, and desires to identify 


the two leftmost signals from the slave sta- 
tion. To identify A and B signals: 


1. Align signal A with C and note the 
reading. Assume this to be 3690 micro- 
seconds. 


2. Align signal B with C and note the 
reading. Assume this to be 3940 micro- 
seconds. 


3. The difference between these two read- 
ings 1s 250 microseconds. ; 


4. Enter the wave position diagram with 
460 nautical miles at left and note that the 
difference between the one-hop-E and the 
two-hop-E is 250 microseconds. 


5. Therefore, signal A is a one-hop-E sig- 
nal, and signal B is a two-hop-E. (The left- 
hand edge of the diagram corresponds to a 
ground wave. If the difference between A 
and B were but 80 microseconds, it would 
identify A as being a ground wave and B as 
the one-hop-E.) An obvious rule follows 
from this observation: Within possible 
ground wave distance at night, a difference 
of 100 microseconds or less between the 
leftmost signals to be identified on the trace 
indicates the presence of a ground wave. A 
difference of 200 or more microseconds is a 
positive indication of the presence of sky 
waves only. 


Function 2 — A, B, and C Signals 
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Wave Position Diagram 


6. In the above example, to identify the 
leftmost signals from the master, merely 
match signals C and D with A and proceed 
as explained. 


In an area where a ground wave from one 
transmitter of the station pair is being re- 
ceived with a one-hop-E sky wave from the 
other station, the two waves can be matched 
on either a Wave Position Diagram or a 
ground wave to sky wave correction chart 
similar to those illustrated. 

To use the Wave Position Diagram to 
match the one-hop-E sky wave and a ground 
wave, it must be determined from which 
station the sky wave is received and the 
approximate distance from that station. 
After doing so, find the distance on the left 
side of the diagram and trace across to the 


point where the one-hop-E curve intersects; 
follow straight down to determine the cor- 
rection from the bottom scale. 


To determine which sign to use to apply 
the correction: 


When the sky wave is from the slave 
station, subtract the correction. 

When the sky wave is from the mas- 
ter station, add the correction. 


Applying the correction to the time differ- 
ence reading has the effect of changing the 
sky wave to a ground wave. 


Example: An aircraft 400 nautical miles 
from the slave station receives only sky 
waves from it and ground waves from the 
master station. For that distance, the correc- 
tion of 90ms is subtracted from the time 
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Ground wave The tabulated corrections, with the signs noted, are applied to the observed readings 
. before plotting. Sometimes interpolation within the tables will be necessary. 
to sky wave Ground wave to sky wave matching should never be used when both ground waves 


are available. Under the best conditions ground wave to sky wave matching may be un- 
certain by an average amount of from 5 to 10 microseconds. As with sky wave to sky 
wave matching, the error may be very large when within 200 microseconds of the base 
line extensions. 


corrections 
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Rate 1L4: Correction for Matching Sky Wave from Master to Ground Wave from Slave. 
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Rate 1L4: Correction for Matching Sky Wave from Slave to Ground Wave from Master. 


LONGITUDE WEST 
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Rate 1L3: Correction for Matching Sky Wave from Slave to Ground Wave from Master. 
LONGITUDE WEST 
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ASIATIC AREA 
Rate 4H6: Correction for Matching Sky Wave from Master to Ground Wave from Slave. 
LONGITUDE EAST 


133° 134° 135° 136° 137° 138° 139° 140° 141° 142° 143° 144° 145° 146° 
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Rate 4H6: Correction for Matching Sky Wave from Slave to Ground Wave from Master. 
LONGITUDE EAST 
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Rate 4H7: Correction for Matching Sky Wave from Master to Ground Wave from Slave. 
LONGITUDE EAST 


122° 123° 124° 125° 126° 127° 128° 129° 130° 31° 132° 133° 
+65 +66 +66 +67 +68 +69 


+65 66 66 67 68 69 71 +73 +75 

+65 65 66 66 67 68 70 72 74 77 
+65 +65 +65 +66 +67 +68 +69 +71 +73 +75 +79 +82 
65 65 65 66 67 68 69 71 74 77 80 85 
65 65 66 66 67 68 70 72 74 78 82 87 
65 65 66 66 67 68 70 72 75 78 82 88 
65 65 66 66 67 68 70 72 75 78 83 88 
+65 +65 +66 +66 +67 +68 +10 +72 +74 +78 +82 +88 

65 65 66 67 68 69 7\ 74 77 81 

65 66 66 68 69 71 73 76 
66 66 67 68 70 72 


Rate 4H7: Correction for Matching Sky Wave from Slave to Ground Wave from Master. 
LONGITUDE EAST 


136° 137° 138° 139° 140° 141° 142° 143° «144° 145° 146° 147° 148° 


—75 —72 -10 —68 —6/ —66 —66 
79 -75 -73 -10 —69 —67 —66 —66 —65 
—& 80 76 73 7| 69 68 67 66 65 —65 
85 80 76 73 7\ 69 68 67 66 65 65 
—9| 85 80 76 73 7| 69 67 66 66 65 65 —65 
90 &4 79 76 73 70 69 67 66 66 65 65 65 
—8 —83 —78 -75 ~72 -10 —68 —67 —66 —66 —65 —65 —65 
85 8| 77 74 72 69 68 67 66 66 65 65 
79 75 73 7| 69 67 66 66 65 65 65 
76 74 72 70 68 67 66 66 65 65 
72 70 69 67 66 66 65 65 
-69 —68 —67 —66 —66 
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difference reading, and the corrected LOP 
is plotted. 


Always use ground waves when they are 
available. They are more stable than sky 
waves, even when of less amplitude. 


Interference 


Static (noise) has the appearance of grass 
on the traces. Continuous wave (cw) radio 
transmission and lightning temporarily ob- 
scure loran signals, but readings can gener- 
ally be made between disturbances. Radar 
produces a series of signals somewhat re- 
sembling loran signals, but at regular spac- 
ing across the traces. When a receiver is 
near one loran station, and tuned to a sta- 
tion pair of different frequency, a spillover 
may occur; that is, weak signals from the 
nearby station may appear. If spillover is 
suspected, shift to the frequency of the 
nearby station. A spillover signal then be- 
comes stronger, while the signal of the other 
frequency disappears or becomes relatively 
weaker. 


A faint signal image may be visible on the 
scope due to ghost impulses from a station 
having a basic recurrence rate different 
from the rate to which the receiver is set. 
These pulses can be identified by the fact 
that they are weaker and appear at inter- 
vals of about 10,000 microseconds. General- 
ly the signal flickers and may drift at a 
faster rate than the others. If the signal is 
amplified, the trace is seen to be continuous 
below the signal rather than interrupted. 


Techniques Under Adverse Conditions 


In addition to the wave position diagram, 
there are other techniques which can be 
used where signal interpretation or identi- 
fication is difficult or uncertain. 


When signal reception is poor either be- 
cause of the greater distance to the trans- 
mitters or interference on the scope, pre- 
setting the expected reading into the set will 
assist in identifying and aligning the signals. 
The establishment of a dead reckoning posi- 
tion will give the navigator a fairly accurate 





idea of what the reading should be when the 
pulses are aligned on the scope. By preset- 
ting this reading, at least one of these sig- 
nals will appear on function 1. By moving 
the left-right switch to position this signal 
in the “ditch” or on the pedestal, a check 
on function 2 will tell whether the master or 
slave pulse has been correctly positioned. If 
not, return to function 1 and put the visible 
pulse on the other pedestal or on the oppo- 
site end of the trace, and return to function 
2. By careful manipulation of the controls, 
the heretofore unseen signal may be found. 


Continuous monitoring of loran during a 
flight will prevent the improper matching of 
sky waves. Where constant monitoring is 
impractical or impossible, a circle of prob- 
able position may be computed upon enter- 
ing an area of loran coverage. This circle 
permits identification of the correct pair of 
signals to be matched, and dead reckoning 
procedures thereafter should quickly reveal 
any improper readings. 

However, mismatched signals may be 
even more rapidly detected by plotting the 
observed readings on a graph with the time 
of observation as the abscissa and the loran 
time difference reading as the ordinate. As 
long as the aircraft remains on a fairly con- 
stant heading, the points should fall into a 
smooth curve. Heading changes will change 
the direction of the curve, but the symmetry 
will be preserved. Once such a curve is es- 
tablished, improper readings will fall far 
enough from the general trend to be de- 
tected instantly. Frequent readings should 
be made to establish the proper curve, but 
all need not be plotted on the chart. Lines 
of position plotted every 20 to 30 minutes 
should suffice as monitors against the 
graph. The graph is also useful for post 
flight analysis of certain reconnaissance 
missions and station-keeping techniques. 

Another check on signal matches, which 
requires more skill and practice, is to obtain 
a comparison reading from the signal pair 
to the right of the pair being used. If the 
proper one-hop-E signals have been matched 











originally, the signal pair to the right 
(two-hop-E) will also match and will agree 
within a few microseconds of the reading 
first obtained. In the event that the first 
reading is a mismatch, there will be no com- 
parison with the second reading, which will 
also be a mismatch. New loran receivers 
could possibly match families of signals, 
rather than pairs, thus almost entirely pre- 
venting the danger of mismatching, but the 
accuracy of the signals, once matched, 
would still depend upon properly aligning 
the forward edges of the leading pips. This 
technique is especially useful at longer 
ranges where there is little difference be- 
tween sky waves from both transmitters of 
a station pair. 


RANGE AND ACCURACY 


Daytime range of loran signals with the 
higher power transmitters averages approx- 
imately 850 nautical miles. Some reports, 
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however, have given daytime ranges of as 
much as 1200 miles. During nighttime oper- 
ation, the ground waves are more attenuat- 
ed and are reduced to bout 600 miles. Sky 
waves are accurate to 2000 miles, and it is 
theoretically possible to receive signals as 
far out as 3000 miles. At the present time, 
charts and tables allow plotting only as far 


-as 1400 miles, but it is anticipated that this 


situation will be remedied in the near future. 


The maximum acceptable synchronization 
error in the transmitted signals is two mi- 
croseconds. Generally, it is less. The aver- 
age total probable error is estimated to be 
one microsecond for ground waves, and two 
microseconds for one-hop-E sky waves. In 
terms of miles, the size of these probable 
errors depends upon the relative spacing of 
the loran LOP’s. Along the base line be- 
tween the stations, an error of one micro- 
second represents an error of about one- 
eighth mile. This increases to a value of 
more than two miles near the base line ex- 
tensions. At considerable distances from the 
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Accuracy of Fix Depends on Angle of Cut 


stations this can be 10 miles or more. The 
relative importance of plotting accuracy and 
reading accuracy is illustrated in Loran 
Accuracy. 


As in other forms of navigation, the ac- 
curacy of a loran fix depends upon the ac- 
curacy of the individual lines of position, 
and also upon the angle at which they cross, 
a 90° cut being most desirable when only 
two lines of position are involved. This is 
shown in the illustration, in which areas 
(1) and (2) show the change in positional 
uncertainty for equal errors in measuring 
loran lines from pairs AB and AB’. Addi- 
tional lines of position reduce the probable 
error, and also serve as a check on the 
LOP’s already obtained. 


The overall accuracy of loran, disregard- 
ing the limitations due to the geometry of 
the system, is stated to be one percent of 
the distance from the station pair. This 
accuracy will be sacrificed considerably with 
the presence of atmospheric interference, 
sky waves, etc. 


SUMMARY 


Like all other systems, loran has both de- 
sirable and undesirable features. The long 
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range of loran makes it available over a 
considerable area of the earth. Its relative 
independence of weather makes it useful 
most the time. Twenty-four hour service 
makes it available at any time, except in 
the case of mechanical failure. Land does 
not reduce its accuracy, although it does de- 
crease the range. As contrasted with ce- 
lestial, a loran line of position is not influ- 
enced by errors in time. Loran lines may be 
used for homing. An aircraft can obtain 
loran readings without breaking radio si- 
lence. The use of loran by nonfriendly na- 
tions can be curtailed by periodically chang- 
ing the coded delay. The simplicity of loran 
equipment facilitates the rapid training of 
operators. Compared to some other systems, 
the speed of obtaining a loran position is an 
advantage. There are no ambiguities in the 
loran pattern of position lines, as there are 
in some electronic systems. 


Loran also has some disadvantages. The 
identification of ground waves and the vari- 
ous sky waves is often difficult. Though us- 
ually reliable, both the transmitting and 
receiving equipment are subject to electrical 
and mechanical failure. Loran can _ be 
jammed. Many areas of the world are not 
covered by loran, and within the coverage 
areas, the readings are inaccurate along the 
base line extensions. Transmitting stations 
are vulnerable to storms and subject to cap- 
ture or damage by the enemy in time of war. 
They are expensive installations which are 
maintained by the government, most of 
them in the United States and surrounding 
coastal approaches. 


Originally developed for military use, 
loran has also proved useful to commercial 
and privately owned ships and aircraft of 
many nations of the world. It is the most 
widely used system of long range electron- 
ic navigation in the world. 











Radar 


BASIC PRINCIPLES 


The manner in which a bat successfully 
avoids the walls and jutting stalactites of 
a totally dark cave makes fascinating read- 
ing. Investigation has shown that if its 
mouth is gagged or its hearing impaired the 
bat can no longer avoid such obstacles. 
From this, it has been concluded that the 
bat’s uncanny ability to navigate derives 
from the emission of cries—inaudible to the 
human ear—which are then reflected from 
any obstacles in its path. These reflected 
echoes allow the bat to orient himself with 
respect to the obstacles and thus maneuver 
to avoid them. 


The fundamental principle of radar is 
closely akin to that used by the bat. The 
basis of the system has been known theo- 
retically since the time of Hertz, who in 
1888 successfully demonstrated the transfer 
of electromagnetic energy in space and 
showed that such energy is capable of re- 
flection. The transmission of electromagnet- 
ic energy between two points was developed 
as “radio,” but it was not until 1922 that 
practical use of the reflection properties of 
such enérgy was conceived. The idea of 
measuring the elapsed time between the 
transmission of a radio signal and receipt 
of its reflected echo from a surface origi- 
nated nearly simultaneously in the United 
States and England. In the United States, 
two scientists working with air-to-ground 


signals noticed that ships moving in the 
nearby Potomac River distorted the pattern 
of these signals. In 1925, the same scien- 
tists were able to measure the time required 
for a short burst, or pulse, of radio energy 
to travel to the ionosphere and return. Fol- 
lowing this success, it was realized that the 
radar principle could be applied to the de- 
tection of other objects, including ships and 
aircraft. 


By the beginning of World War II, the 
Army and Navy had developed equipment 
appropriate to their respective fields. Dur- 
ing and following the war, the rapid ad- 
vance in theory and technological skill 
brought improvements and additional appli- 
cations of the early equipment. By suitable 
instrumentation it is now possible to meas- 
ure accurately the distance and direction of 
a reflecting surface in space, whether it is 
an aircraft, a ship, a hurricane, or a prom- 
inent feature of the terrain, even under con- 
ditions of darkness or restricted visibility. 
For these reasons, radar has become a 
valuable navigational tool. 


There are many different types of radar 
sets currently in use in the Air Force. These 
differ slightly both in operation and in the 
accuracy of their indicator presentations. 
For the navigator, they can be divided into 
two classes: (1) those designed for naviga- 
tion, search, and identification, to which 
either a very rudimentary or no computer 
has been attached, and (2) those designed 
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principally for use as a bombing instrument, 
to which a high-accuracy, bombing-naviga- 
tion computer has been attached. With the 
former, fixing can be accomplished only by 
using ranges or bearings, or both. With the 
latter, the ground position of the aircraft 
can be continuously indicated on the naviga- 
tion computer, or fixes can be obtained from 
ranges and bearings. Fixes of satisfactory 
accuracy for navigational purposes can be 
obtained with either type of radar. 


In view of the great variety of radar sets 
in use, it would be impractical to cover in 
this manual the specific operating proce- 
dures for each. Therefore, the following 
material is limited to the general procedures 
for using radar as an aid to navigation. For 
detailed information concerning a specific 
set, consult the appropriate manual or tech- 
nical order. 


As noted previously, the fundamental 
principle of radar may be likened to that of 
relating sound to its echo. Thus, a ship 
sometimes determines its distance from a 
cliff at the water’s edge by blowing its 
whistle and timing the interval until the 
echo is received. Since sound travels at a 
known speed (approximately 1,100 feet per 
second in air), the total distance traveled 
equals the speed times the time interval, 
and one-half this distance (because the 
sound must travel to the cliff and back be- 
fore the echo is heard) is the distance to 
the cliff. Thus, if the time interval is 8 sec- 
onds, the distance to the cliff is 1,100 x 8 
— 4,400 ft — 0.725 nm 2 

The same principle applies to radar, 
which uses the reflected echo of electromag- 
netic radiation traveling at the speed of 
light. This speed is approximately 162,000 
nautical miles per second; it may also be 
expressed as 985 feet per microsecond. If 
the interval between the transmission of the 
signal and return of the echo is 200 microsec- 
onds, the distance to the target is 985 « 200 


= 98,500 ft = 16.2 nm 2 
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TIMER TRANSMITTER 
POWER 
SUPPLY 

INDICATOR 


Typical Radar Set 


TYPICAL RADAR SET 


Components 


In addition to the power supply, a radar set 
may be broken down into five major units: 
the timer, the transmitter, the antenna, the 
receiver, and the indicator. Their functions 
are briefly described as follows: 


The timer, or modulator, is the heart of the 
radar system. Its function is to insure that all 
circuits connected with the system operate in 
a definite time relationship with each other 
and that the time interval between transmit- 
ted pulses is of the proper duration. The timer 
“triggers” the other units into operation. 


The transmitter is similar to the radio 
transmitters described in the chapter on 
radio except that it operates in the super 
high frequency band and operates for very 
short periods of time. 

The antenna is a “parabolic dish” which 
directs the transmitted energy into a nar- 
row wedge or into a conical beam like that 
of a searchlight. It serves not only for trans- 
mission but for reception as well. 

The receiver, like the transmitter, is sim- 
ilar to a radio receiver. Its main function is 
to amplify the relatively weak echoes which 
return to the antenna. 











DEFLECTION 
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FLUORESCENT 
SCREEN 


FOCUSING 
MAGNET 


Electromagnetic Cathode-ray Tube 


The indicator for the radar set is a spe- 
cial vacuum tube called a cathode ray tube 
(CRT). It is similar to the picture tube of 
a television receiver. The CRT is commonly 
called the scope (from oscilloscope). An 
electromagnetic CRT, the type used in most 
radar sets, is illustrated. It is composed of 
an electron gun, a focusing magnet, and a 
set of deflection coils. The function of the 
electron gun is to produce a thin electron 
stream, or beam. This beam is so acted upon 
by the focusing magnet that the focal point 
of the beam in a properly adjusted CRT is 
at the face of the tube. The CRT face is 
coated with a fluorescent compound which 
glows when struck by the electron beam. 
The picture seen is thus a small bright spot. 


The location of an object by means of 
these five units of a radar set involves the 
simultaneous solution of two separate prob- 
lems. First, the time interval between the 
transmitted pulse and its echo must be ac- 
curately measured and presented as range 
on the indicator. Second, the direction in 


which each signal is transmitted must be in- 
dicated, giving the bearing of the object. 


Measurement of Range 


The radar cycle may best be explained by 
discussing first the life cf a single pulse as 
it is affected by each of the components 
shown in the diagram. The cycle begins 
when the timer triggers the transmitter. A 
powerful pulse of radio energy is generated 
there which is then emitted from the an- 
tenna. As soon as the pulse leaves the an- 
tenna, the latter is automatically discon- 
nected from the transmitter and connected 
to the receiver. If an echo returns, it is am- 
plified by the receiver and sent to the 
indicator for display. 

At the same time that the timer triggers 
the transmitter, it also sends a trigger sig- 
nal to the indicator. Here, a circuit is actu- 
ated which causes the current in the deflec- 
tion coils to rise at a linear (uniform) rate. 
The rising current, in turn, causes the spot 
to be deflected radially outward from the 
center of the scope. The spot thus traces a 
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faint line on the scope; this line is called the 
sweep. If no echo is received, the intensity 
of the sweep remains uniform throughout 
its entire length. However, if an echo is re- 
turned, it is so applied to the CRT that it 
intensifies the spot and brightens momen- 
tarily a short segment of the sweep. Since 
the sweep is linear and begins with the 
emission of the transmitted pulse, the point 
at which the echo brightens the sweep will 
be an indication of the range to the object 
causing the echo. 


The progressive positions of the pulse in 
space also indicate the corresponding posi- 
tions of the electron beam as it sweeps 
across the face of the CRT. If the radius 
of the scope represents 40 miles and the 
“return” appears at three-quarters of the 
distance from the scope center to its periph- 
ery, the target is represented as being 
about 30 miles away. 


Of interest here is the extremely short 
time scale which is used. In the preceding 
example, the radar is set for 40-mile range 
operation. The sweep circuits will thus oper- 
ate only for an equivalent time interval, so 
that targets beyond 40 miles will not appear 
on the scope. The time equivalent to 40 
miles of radar range is only 496 microsec- 
onds (0.000496 seconds). Thus, 496 micro- 
seconds (plus an additional period of per- 
haps 100 microseconds to allow the sweep 
circuits to recover) after a pulse is trans- 
mitted, the radar is ready to transmit the 
next pulse. The actual pulse repetition rate 
in this example is about 800 pulses per 
second. The return will therefore appear in 
virtually the same position along the sweep 
as each successive pulse is transmitted, 
even though the aircraft and the target are 
moving at appreciable speeds. 


Measurement of Bearing 


The deflection coils, illustrated in Elec- 
tromagnetic Cathode Ray Tube, are mount- 
ed so they surround the neck of the CRT. 
The direction taken by the sweep corre- 


gsooucs directly to the ortentation of the de- 


flection coils. In the previous discussion of 
range, it was assumed that the deflection 
coils were stationary, so that the sweep 
formed by the deflection current always fell 
along the same radial. However, if the an- 
tenna (which forms the transmitted energy 
into a narrow beam) is rotated slowly in 
azimuth and the deflection coils are rotated 
mechanically in synchronism with the an- 
tenna, the sweep trace will point in the same 
direction as the antenna. Therefore, the 
relative bearing, as well as the range, of 
reflecting objects will be shown on the scope. 


Plan Position Indicator 


The type of cathode ray tube display just 
discussed is called a plan position indicator 
(PPI). It presents a map-like picture of the 
terrain below and around the aircraft. This 
is the presentation usually available in 
radar-equipped aircraft. In the accompany- 
ing illustration, the center of the scope rep- 
resents the aircraft’s radar antenna. A ra- 
dar target is shown at its correct bearing 
and at a distance from the scope center pro- 
portional to its range. To facilitate the 
measurement of range, “false” echoes called 
fixed range markers are generated electric- 
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ally at regular intervals after each trans- 
mitted pulse and introduced at the indicator 
in the same manner as the actual echoes. 


Since these markers will always appear at 
the same position on the sweep for a given 
range setting, they trace concentric range 
circles on the scope. On some radar sets, the 
range mark circles are traced at appropriate 
intervals, such as every 2 miles when maxi- 
mum range is 5 or 10 miles, every 5 miles on 
the 30-mile scale, and every 25 miles on the 
100- or 200-mile scales. 

To facilitate the measurement of bearing, 
a compass rose surrounds the scope, provid- 
ing a convenient bearing reference. On most 
sets, the bearing of any particular return may 
be determined by bisecting the return with a 
cursor (a radial line inscribed on a transpar- 
ent overlay) which can be rotated manually 
about an axis coincident with the center of 
the scope. The corresponding bearing is then 
read on the compass rose at the periphery of 
the scope. 

In the plan position indicator illustrated, 
the range scale is 100 miles; the range marker 
interval is 25 miles. Thus, the large target 
shown is at a relative bearing of 060° at a 
range of 50 miles. 


SCOPE INTERPRETATION 


The plan position indicator presents a 
map-like picture of the terrain below and 
around the aircraft. Just as map reading 
skill is largely dependent upon the ability 
to correlate what is seen on the ground with 
the symbols on the chart; so “radar” skill is 
largely dependent upon the ability to cor- 
relate what is seen on the scope with the 
chart symbols. Accordingly, a sound knowl- 
edge of the factors affecting radar reflection 
is a prerequisite to intelligent radarscope 
interpretation. Furthermore, a knowledge of 
these factors, applied in reverse, enables 
the navigator to predict the probable radar- 
scope appearance of any area. 
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Factors Affecting Reflection 


There are four primary factors which de- 
termine whether a usable portion of the 
transmitted energy will be reflected from a 
given object. No one factor, however, deter- 
mines the amount of reflection; total reflec- 
tion is based on a combination of al] four 
factors. These factors are: 


1. Vertical and horizontal size. 
2. Material of the object. 
3. Radar range. 


4. Reflection angle. 


VERTICAL AND HORIZONTAL SIZE. As- 
suming equal width, the taller of two struc- 
tures presents the greater reflecting area. 
Its radar reflection potential is therefore 
greater. 


Assuming equal height, the wider of two 
structures presents the greater reflecting 
area. This will cause it to appear as the 
larger return on the scope. 


MATERIAL OF THE OBJECT. It is a basic 
law of physics that al] substances reflect 
some electromagnetic energy. All  sub- 
stances also absorb some electromagnetic 
energy. Whether or not a substance may be 
considered a good radar reflector depends 
upon the ratio of the energy reflected to the 
energy absorbed. In general, this ratio de- 
pends primarily on the electrical conductiv- 
ity of the substance. The reflection proper- 
ties of the various materials from the best 
through the poorest are as follows: 


Metals. Because of their high electrical 
conductivity, steel, iron, copper, aluminum, 
and most other metals are excellent reflec- 
tors of radio energy. A metal-clad building 
usually has high radar reflection potential. 
Those buildings which use steel or some 
other metal as_ structural reinforcement 
follow closely behind metal-clad buildings. 
This group includes concrete structures built 
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faint line on the scope; this line is called the 
sweep. If no echo is received, the intensity 
of the sweep remains uniform throughout 
its entire length. However, if an echo is re- 
turned, it is so applied to the CRT that it 
intensifies the spot and brightens momen- 
tarily a short segment of the sweep. Since 
the sweep is linear and begins with the 
emission of the transmitted pulse, the point 
at which the echo brightens the sweep will 
be an indication of the range to the object 
causing the echo. 


The progressive positions of the pulse in 
space also indicate the corresponding posi- 
tions of the electron beam as it sweeps 
across the face of the CRT. If the radius 
of the scope represents 40 miles and the 
“return” appears at three-quarters of the 
distance from the scope center to its periph- 
ery, the target is represented as being 
about 30 miles away. 


Of interest here is the extremely short 
time scale which is used. In the preceding 
example, the radar is set for 40-mile range 
operation. The sweep circuits will thus oper- 
ate only for an equivalent time interval, so 
that targets beyond 40 miles will not appear 
on the scope. The time equivalent to 40 
miles of radar range is only 496 microsec- 
onds (0.000496 seconds). Thus, 496 micro- 
seconds (plus an additional period of per- 
haps 100 microseconds to allow the sweep 
circuits to recover) after a pulse is trans- 
mitted, the radar is ready to transmit the 
next pulse. The actual pulse repetition rate 
in this example is about 800 pulses per 
second. The return will therefore appear in 
virtually the same position along the sweep 
as each successive pulse is transmitted, 
even though the aircraft and the target are 
moving at appreciable speeds. 


Measurement of Bearing 


The deflection coils, illustrated in Elec- 
tromagnetic Cathode Ray Tube, are mount- 
ed so they surround the neck of the CRT. 
The direction taken by the sweep corre- 
sponds directly to the orientation of the de- 
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flection coils. In the previous discussion of 
range, it was assumed that the deflection 
coils were stationary, so that the sweep 
formed by the deflection current always fell 
along the same radial. However, if the an- 
tenna (which forms the transmitted energy 
into a narrow beam) is rotated slowly in 
azimuth and the deflection coils are rotated 
mechanically in synchronism with the an- 
tenna, the sweep trace will point in the same 
direction as the antenna. Therefore, the 
relative bearing, as well as the range, of 
reflecting objects will be shown on the scope. 


Plan Position Indicator 


The type of cathode ray tube display just 
discussed is called a plan position indicator 
(PPI). It presents a map-like picture of the 
terrain below and around the aircraft. This 
is the presentation usually available in 
radar-equipped aircraft. In the accompany- 
ing illustration, the center of the scope rep- 
resents the aircraft’s radar antenna. A ra- 
dar target is shown at its correct bearing 
and at a distance from the scope center pro- 
portional to its range. To facilitate the 
measurement of range, “‘false’”’ echoes called 
fixed range markers are generated electric- 





Plan Position Indicator (PPI) 











ally at regular intervals after each trans- 
mitted pulse and introduced at the indicator 
in the same manner as the actual echoes. 


Since these markers will always appear at 
the same position on the sweep for a given 
range setting, they trace concentric range 
circles on the scope. On some radar sets, the 
range mark circles are traced at appropriate 
intervals, such as every 2 miles when maxi- 
mum range is 5 or 10 miles, every 5 miles on 
the 30-mile scale, and every 25 miles on the 
100- or 200-mile scales. 

To facilitate the measurement of bearing, 
a compass rose surrounds the scope, provid- 
ing a convenient bearing reference. On most 
sets, the bearing of any particular return may 
be determined by bisecting the return with a 
cursor (a radial line inscribed on a transpar- 
ent overlay) which can be rotated manually 
about an axis coincident with the center of 
the scope. The corresponding bearing is then 
read on the compass rose at the periphery of 
the scope. 

In the plan position indicator illustrated, 
the range scale is 100 miles; the range marker 
interval is 25 miles. Thus, the large target 
shown is at a relative bearing of 060° at a 
range of 50 miles. 


SCOPE INTERPRETATION 


The plan position indicator presents a 
map-like picture of the terrain below and 
around the aircraft. Just as map reading 
skill is largely dependent upon the ability 
to correlate what is seen on the ground with 
the symbols on the chart; so “radar’”’ skill is 
largely dependent upon the ability to cor- 
relate what is seen on the scope with the 
chart symbols. Accordingly, a sound knowl- 
edge of the factors affecting radar reflection 
is a prerequisite to intelligent radarscope 
interpretation. Furthermore, a knowledge of 
these factors, applied in reverse, enables 
the navigator to predict the probable radar- 
scope appearance of any area. 
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Factors Affecting Reflection 


There are four primary factors which de- 
termine whether a usable portion of the 
transmitted energy will be reflected from a 
given object. No one factor, however, deter- 
mines the amount of reflection; total reflec- 
tion is based on a combination of all four 
factors. These factors are: 


1. Vertical and horizontal size. 
2. Material of the object. 
3. Radar range. 


4. Reflection angle. 


VERTICAL AND HORIZONTAL SIZE. As- 
suming equal width, the taller of two struc- 
tures presents the greater reflecting area. 
Its radar reflection potential is therefore 
greater. 


Assuming equal height, the wider of two 
structures presents the greater reflecting 
area. This will cause it to appear as the 
larger return on the scope. 


MATERIAL OF THE OBJECT. It is a basic 
law of physics that all substances reflect 
some electromagnetic energy. All sub- 
stances also absorb some electromagnetic 
energy. Whether or not a substance may be 
considered a good radar reflector depends 
upon the ratio of the energy reflected to the 
energy absorbed. In general, this ratio de- 
pends primarily on the electrical conductiv- 
ity of the substance. The reflection proper- 
ties of the various materials from the best 
through the poorest are as follows: 


Metals. Because of their high electrical 
conductivity, steel, iron, copper, aluminum, 
and most other metals are excellent reflec- 
tors of radio energy. A metal-clad building 
usually has high radar reflection potential. 
Those buildings which use steel or some 
other metal as_ structural reinforcement 
follow closely behind metal-clad buildings. 
This group includes concrete structures built 
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WOOD 


STONE 


MASONRY 


STEEL-REINFORCED 
CONCRETE 


STEEL 


Relative Reflectivity of Structural Materials 


around steel frameworks, commonly called 
““mixed”’ structures. 


Water. Water is an excellent reflector of 
radio energy. However, an aircraft flying 
over a smooth water surface receives very 
little reflected energy from the surface be- 
cause the angle of reflection is away from 
the aircraft. If the sea surface is not smooth, 
considerable energy is reflected resulting in 
large areas of sea clutter similar to ground 
clutter. 


Masonry. Masonry by itself is a fair re- 
flector. Masonry materials include stone, 
concrete, and clay products. However, ma- 
sonry is often mixed with structural steel. 
These mixed structures have greater radar 
reflection potential than masonry alone. 

Wood. In comparison to metal or mason- 
ry, wood is a poor reflector. Wooden struc- 
tures do not normally reflect sufficient 
radar energy for display unless other im- 
portant reflecting factors (such as unusual 
size) are present. 

Dirt, sand, and stone. Although their 
reflection potential will vary to some extent 
with the particular chemical composition in- 
volved, dirt, sand, and stone are not nor- 
mally considered good reflecting materials. 
Also, radar return from flat land areas is 


not nearly so great as that from land which 
exhibits irregular surfaces, such as sand 
dunes, hills, gravel pits, quarries, and simi- 
lar prominences. 

Glass. Glass by itself is not a good radar 
reflector. However, structures using glass 
walls usually have steel framing and such 
structures often can be considered among 
the better reflectors. 

The diagram shows the relative reflection 
potential of the basic structural materials. 
These relationships will hold true, of course, 
only on the assumption that the other fac- 
tors affecting reflection—size, range, and 
reflection angle—are equal. 

RADAR RANGE. Range affects radar reflec- 
tion in two ways. First, the nearer of two 
objects of equal size occupies a greater per- 
centage of the beam width and so has more 
energy incident upon it. It will therefore ap- 
pear as the brighter return. Second, as the 
radar waves travel through space, many 
minute particles of dust and other foreign 
matter intercept the beam. The resulting 
absorption decreases the strength of, or at- 
tenuates, the signal. The farther the energy 
travels, the more attenuation occurs. The 
attenuation effect is compensated for by auto- 
matic increase of the power output as the 
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Horizonal Reflection Angle 


operating range is increased to the next 
higher increment. 

REFLECTION ANGLE. In all cases of true 
reflection, the angle of reflection is equal to 
the angle of incidence. Therefore, maximum 
reflection back to a radar set occurs when 
the reflecting surfaces are at right angles 
to the radar beam. For this reason, flat sur- 
faces can give a momentarily intense di- 
rectional reflection, just as the windshield of 
an automobile does when it flashes in the 
sunlight. However, such radar’ echoes, 
though very strong, are normally not usable 
for navigational purposes because the brev- 
ity of their existence does not allow suffi- 
cient time for identification. Fortunately, 
the great majority of radar targets are 
multifaceted rather than smooth, so that at 
any given instant some part of the target 
will be at right angles to the beam. The 
more closely the incident wave approaches 
a direct right angle with respect to the 
overall surface, the greater will be the radar 
reflection. 

Horizontal. The effect of the horizontal 
reflection angle is shown in the captioned 
illustration. Because of the particular con- 


figuration between the aircraft and reflect- 
ing objects, the aircraft at A gets no return 
from building 1 and maximum return from 
building 2 and the railroad tracks. At B, 
the aircraft gets no reflection from building 
2 and maximum reflection from the railroad 
tracks. At C, maximum refiection is again 
being obtained from building 2. This entire 
discussion oversimplifies the problem for 
purposes of clarity. It should be emphasized 
again that smooth surfaces such as those 
shown are rarely encountered, and for nor- 
mal structures, the amount of reflection 
would be minimum where zero reflection has 
been implied. 

Vertical. The effect of the vertical reflec- 
tion angle is not nearly so pronounced as 
that of the horizontal reflection angle. This 
is because of the much greater beam width 
in the vertical dimension as compared to the 
horizontal when the normal mapping beam 
is used. The vertical beam width may be on 
the order of 50 degrees and the horizontal 
beam width on the order of 3 degrees. The 
effect of the vertical reflection angle cannot, 
however, be neglected. The related illustra- 
tion shows that the vertical energy pattern 
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Vertical Reflection Angle 
Varies with 
Aircraft Position 





contains a main lobe. In order to obtain 
maximum reflection, this main lobe should 
strike the overall reflecting surface at 
right angles to it. In most buildings, the 
overall reflecting surface is vertical. Thus, 
as an aircraft approaches a building or 
group of buildings, the actual vertical reflec- 
tion angle becomes more and more removed 
from the optimum. The final result is that, 
when the vertical reflection angle ap- 
proaches 45 degrees, many of the structures 
scanned by the beam do not reflect enough 
energy back to the set to appear on the 
scope. The zone in which this lack of reflec- 
tion is likely to occur is equal in radius to 
the altitude of the aircraft. For example, an 
aircraft flying at extremely high altitudes 
might display only the returns from the 
very best types of reflectors—such as steel 
mills—in the area within eight or ten miles 
from the aircraft. 


Adjustment of the antenna tilt control 
can compensate to a degree for the above 
effect. By tilting the antenna downward as 
the target is approached,. more energy is 
made to strike the target at the optimum 
reflection angle. However, this reduces the 
overall coverage of the radar scan because 
the energy directed out ahead of the air- 
craft is reduced. 





ait 





SUMMARY. It is important to re-empha- 
size that no one factor determines the 
reflection potential of a given reflector. 
However, a single factor may prevent suffi- 
cient reflection to create a return on the 
scope. The following general rules will 
apply: 

1. The greatest return potential exists 
when the radar beam forms a horizontal 
right angle with the frontal portion of the 
reflector. 
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Radiation Pattern of Antenna 


2. Radar return potential is roughly pro- 
portional to structure size and the reflective 
properties of the construction material used. 


3. Radar return potential is greatest 
within the zone of the greatest radiation 
pattern of the antenna, as illustrated. 


4. Radar return potential decreases as 
altitude increases because the vertical re- 
flection angle becomes more and more re- 
moved from the optimum. (There are many 
exceptions to this general rule since there 
are many structures which may present 
better reflection from roof surfaces than 
from frontal surfaces. ) 


5. Radar return potential decreases as 
range increases because of the greater beam 
width at long ranges and atmospheric at- 
tenuation. 


6. All of the factors affecting reflection 
must be considered in order to determine 
the radar return potential. 


_ Typical Scope Returns 


There are certain characteristics peculiar 
to returns from specific ground features 


such as rivers, lakes, mountains, railroads, 
cities, etc. To consolidate the knowledge of 
the general rules on the factors affecting 
reflection, this section will describe and il- 
lustrate how these rules may be applied to 
specific ground features. 


The principal problem in radarscope in- 
terpretation is finding the meaning of con- 
trasts in brightness. This comes ahead of 
the purely navigational problem because a 
particular feature must be identified before 
it becomes useful. The accompanying illus- 
tration shows a representative ground area 
and its associated radarscope presentation. 
In the discussion which follows, it would 
be well to refer back to this illustration, 
noting in particular the relative brightness 
of the different parts of the scope. 


RETURNS FROM LAND. All land surfaces 
present minute irregular parts of the total 
surface for reflection of the radar beam, 
and thus there is usually a certain amount 
of radar return from all land areas. The 
amount of return varies considerably ac- 
cording to the nature of the land surface 
scanned. This variance is caused by (1) the 
difference in reflecting materials of which 
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Bright Spots are Radar Returns 


the land area is composed, and (2) the tex- 
ture of the land surface. These are the 
primary factors governing the total radar 
return from specific land areas. 


Flat land. A certain amount of any sur- 
face, however flat in the overall view, is 
irregular enough to reflect the radar beam. 
Surfaces which are apparently flat are ac- 
tually textured and may cause return on the 
scope. Ordinary soil absorbs some of the 
radar energy and thus the return that 
emanates from this type of surface is not 
strong. Ray B in the illustration shows that 
flat land will reflect most of the energy away 
from the aircraft. 


Plowed fields. Plowed fields and other 
irregularly textured land areas. present 
more surface to the radar beam than flat 
land and thus create more return. Returns 


from plowed fields may be a problem to the 
radar navigator because such returns are 
not readily identifiable, are often not per- 
sistent, and tend to confuse the overall 
radarscope interpretation problem. The re- 
turns from plowed fields and other irregu- 
larly textured land areas are most intense 
when the radar beam scans the upright fur- 
rows or similar features at a right angle. 
This type of return is exemplified by ray F 
in the illustration. 

Hills and mountains. Hills and mountains 
will normally give more radar return than 
flat land because the radar beam is more 
nearly perpendicular to the sides of these 
features. The typical return is a bright re- 
turn from the near side of the feature and 
an area of no return on the far side. This is 
shown by ray A. The area of no return is 
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Reflections from Various Types of Terrain 


called a mountain shadow and exists because 
the radar beam cannot penetrate the moun- 
tain, and its line-of-sight transmission does 
not allow it to intercept targets behind the 
mountain. The shadow area will vary in size, 
depending upon the height of the aircraft 
with respect to the mountain. As an aircraft 
approaches a mountain, the shadow area be- 
comes smaller and smaller. Furthermore, 


the shape of the shadow area and the 
brightness of the return from the peak will 
vary as the aircraft’s position changes. 


Recognition of mountain shadow is impor- 
tant because any target in the area behind 
the mountain cannot he seen on the scope. 
A striking example of this is illustrated. 
Note that the mountains obscure the area 
in which the town of Adams lies. 


“ADAMS” Es Fem 
OBSCURED (fi — 





Radar Significant Areas are Sometimes Obscured by Mountains 
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MOUNTAINOUS AREA 


LINE OF 
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Individual Peaks are Difficult to Identify 


In areas with isolated high peaks or 
mountain ridges, contour navigation may be 
possible because the returns from such fea- 
tures assume an almost three-dimensional 
appearance. This allows specific peaks to be 
identified. 


In more rugged mountainous areas, how- 
ever, there may be so many mountains with 
resulting return and shadow areas that con- 
tour navigation is almost impossible. Note 
the complexity of the mountain returns in 
the next illustration. In an area such as this, 
the radar might still be used for general 
orientation. For example, the aircraft is 
flying over the line of demarkation between 
a mountainous and a level area. This line of 
demarkation might serve as a line of posi- 
tion even though the complexity of the 
scope picture makes positive position finding 
impossible. 

Coastlines and riverbanks. The contrast 
between water and land is very sharp, so 
that the configuration of coasts and lakes 


are seen with map-like clarity. When the 
radar beam scans the banks of a river, lake, 
or larger body of water, there is little or no 
return from the water surface itself, but 
there is usually a strong return from the 
adjoining land. This may be seen from rays 
C and D in the illustration, Reflection from 
Various Types of Terrain. The more rugged 
the bank or coastline, the more return will 
be experienced. 

A nearby shoreline will be very clearly 
delineated when an aircraft is out over the 
adjoining water. However, the shoreline 
tends to lose its clearcut separation from 
the water when the aircraft is flying over 
the land. This is caused by the fact that the 
coastline presents upright banks to the 
overwater radar beam and relatively flat 
land to the overland beam. This also ex- 
plains why the far side of a lake will appear 
brighter than the near side. Notice that the 
lake at 320° (in The Far Bank of a Lake 
1s Clearly Defined) shows a much stronger 
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MOUNTAIN SHADOWS 


The Far Bank of a Lake is Clearly Defined 


return from the far side than from the 
near side. 

Since both mountains and lakes present 
a “dark’’ area on the scope, it is sometimes 
fairly easy to mistake a mountain shadow 
for a lake. This is particularly true when 
navigating in mountainous areas which also 
contain lakes as shown in the referenced 
illustration. 


The essential difference between moun- 
tain areas and lakes is portrayed. Moun- 
tains are bright on the near side and dark 
on the far side; lakes are bright on the far 
side and vague on the near side (although 
part of the vagueness in this particular ex- 
ample is caused by the mountain). Another 
characteristic of mountain returns is that 
the dark area changes shape and position 
quite rapidly as the aircraft moves, lakes 
change only slightly. 

URBAN AREAS. The overall size and shape 
of the radar return from any given city can 
usually be determined with a fair degree of 
accuracy by referring to a map of the area. 
However, the brightness of one urban area 
as compared to another may vary greatly, 
and this variance can hardly be forecast by 


reference to the navigation chart. In gen- 
eral, the industrial and commercial centers 
of cities and towns produce much greater 
brightness than the outlying residential 
areas. 


ISOLATED STRUCTURES. Many isolated or 
small groups of structures create radar re- 
turns. The size and brightness of the radar 
returns these features give are dependent 
on their construction. Most of these struc- 
tures will not be plotted on the navigation 
charts; hence, they are of no navigational 
value. However, some of them give very 
strong returns—such as large concrete 
dams, steel bridges, etc.—and if they can 
be properly identified, give valuable naviga- 
tional assistance. 


GLITTER AND CARDINAL POINT EFFECT. 


Glitter. Glitter, or glint, is the cause of 
most fluctuating returns that appear on the 
scope. It occurs when the radar beam scans 
a relatively small reflector which is able to 
present sufficient reflection for display on 
the scope only when the radar beam is at 
right angles to the structure. Since the air- 
craft is moving, the conditions necessary for 
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Cardinal Point Effect 


the display of such an object exist only mo- 
mentarily; hence, the return appears only 
momentarily on the scope. 

Cardinal point effect. This is glitter that 
occurs when the radar beam scans a large 
number of structures at right angles. In this 
case, the return may remain for more than 
the customary instant. Because most cities 
and towns are laid out along north-south and 
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east-west axes, cardinal point effect usually 
occurs when the true bearing of a city is 
equal to one of the cardinal directions. 
However, the effect can occur on any axis 
according to the particular geographical 
alignment involved. Cardinal point effect is 
illustrated. 

WEATHER RETURNS. Cloud returns which 
appear on the scope are called precipitation 











or meteorological echoes. They are of inter- 
est for two reasons. First, since the bright- 
ness of a given cloud return is an indication 
of the intensity of the weather within the 
cloud, intense weather areas can be avoided 
by directing the pilot through the darker 
scope areas or by completely circumnavi- 
gating the entire cloud return. Second, cloud 
returns obscure useful natural and cultural 
features on the ground. They may also be 
falsely identified as a ground feature, which 
can lead to gross errors in radar fixing. 


Clouds must be reasonably large in order 
to create a return on the scope. However, 
size alone is not the sole determining factor. 
Cloud layers covering hundreds of square 
miles will not always create returns. As a 
matter of fact, clouds covering such wide 
areas rarely show on the scope. The one 
really important characteristic that causes 
clouds to create radar returns is the size of 
the water droplets forming them. Radar 
waves are reflected from large water drop- 
lets falling through the atmosphere as rain 
or suspended in the clouds by strong ver- 
tical air currents. Thunderstorms are char- 
acterized by strong vertical air currents; 
therefore, they give very strong radar re- 
turns. 

Cloud returns may be identified by the 
following characteristics: 


1. Brightness varies considerably, but the 
average brightness is greater than normal 
ground return. 


2. Returns generally present a hazy, 
fuzzy appearance around their edges. 


3. Terrain features are not present. 


4. Returns often produce a shadow area 
similar to mountain shadow because the ra- 
dar beam does not penetrate clouds with 
sufficient strength to create echoes beyond 
them. 


5. Returns do not fade away as the an- 
tenna tilt is raised, whereas ground returns 
tend to decrease in intensity with an in- 
crease in antenna tilt. 
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6. Returns will appear in the altitude hole 
when altitude delay is not used and the dis- 
tance to the cloud is less than the altitude. 

EFFECTS OF SNOW AND ICE. The effects 
of snow and ice, most prevalent in arctic 
regions, are similar to the effect of water. 
If a land area is covered to any great depth 
with snow, the radar beam will reflect from 


' the snow rather than from the features 


which lie beneath. The overall effect is to 
reduce the return which would normally 
come from the snow-blanketed area. 


Ice will react in a slightly different man- 
ner, depending upon its roughness. If an ice 
coating on a body of water remains smooth, 
the return will appear approximately the 
same as a water return. However, if the ice 
is formed in irregular patterns, the returns 
created will be comparable to terrain fea- 
tures of commensurate size. For example, 
ice ridges or ice mountains would create re- 
turns comparable to ground embankments 
or mountains, respectively. Also, offshore 
ice floes tend to disguise the true shape of 
a coastline so that the coastline may appear 
vastly different in winter as compared to 
summer. 


Inherent Scope Errors 


Another factor which must be considered 
in radarscope interpretation is the inherent 
distortion of the radar display. This distor- 
tion is present to a greater or lesser degree 
in every radar set, depending upon its de- 
sign. It can be minimized by a proper under- 
standing of its causes and by proper use of 
the radar controls. Inherent scope errors 
may be laid to three causes: the width of 
the beam, the length (time duration) of the 
transmitted pulse, and the diameter of the 
electron spot. 

BEAM WIDTH ERROR. The magnitude of 
this error may be as great as the width of 
the radar beam. Suppose, for example, that 
an isolated structure, 1000 feet wide, is be- 
ing scanned by a beam one and one-half 
degrees wide at a range of 20 miles. If the 
target is an excellent reflector, it will begin 
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Beam Width Error 


to create a return as soon as the leading 
edge of the beam contacts it, while the cen- 
ter of the beam is still half the beam width 
away. Similarly, the target continues to 
create a return until the trailing edge of 
the beam leaves it. Thus, the target appears 
too wide by half the beam width on either 
side, or by a total of one beam width. How- 
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ever, this is the maximum error that could 
occur. The beam seldom intercepts targets 
of such excellent reflective characteristics 
as to induce the maximum error. Also, the 
beam subtends less linear arc as the range 
decreases so that beam width error de- 
creases with range. 


Actually, beam width error is not overly 
significant in radar navigation (although it 
must be taken into account in radar bomb- 
ing). Since the distortion is essentially sym- 
metrical, it may be nullified by bisecting the 
return with the bearing cursor when bear- 
ing is measured. Beam width distortion is 
also lessened by reduction of the receiver 
gain control. The effect of beam width error 
on a bridge and water inlet is illustrated. 


PULSE LENGTH ERROR. Pulse length er- 
ror is caused by the fact that the radar 
transmission is not instantaneous but lasts 
for a brief period of time. Imagine a huge 
steel plate being scanned by the radar 
beam. The plate has a negligible range di- 
mension; therefore, the return on the scope 
should have no range dimension. However, 
if the pulse emitted by the radar transmit- 
ter is of one-half microsecond duration, this 
pulse will continue to strike the steel plate 
for one-half microsecond. It is obvious, then, 
that the target will reflect energy through- 
out this period of time, and a return will 
be displayed on the scope throughout this 
period. Since time is translated into distance 
on the scope and corrected for a radar ruiile, 
the target will appear to be approximately 
500 feet long. Thus, there is a distortion in 
the range direction on the far side of the 
reflector, and this pulse length error is equal 
to the range equivalent of one-half the pulse 
time. 


Since pulse length error occurs on the far 
side of the return, it may be nullified by 
reading the range to (and plotting from) 
the near side of the target when taking ra- 
dar ranges. It should also be mentioned that 
the radar set is so designed that the pulse 
length (and hence the pulse length error) 
increases as the operating range increases. 
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Target Enlarged showing Inherent Errors 


Therefore, failure to employ the proper 
range measuring technique will produce 
greater errors at the longer ranges. 

The pulse length also has a primary effect 
on the range resolution of a radar set. Theo- 
retically, two sharply defined targets at the 
same bearing should be resolved into two 
separate returns on the scope if their ranges 
differ by the distance light travels during 
one-half the pulse length. Thus, with a one 
microsecond pulse length, two targets would 
have to be more than 500 feet apart in 
range in order to appear as two separate 
returns on the scope. 

Spot SIZE Error. Spot size error is 
caused by the fact that the electron beam 
which displays the returns on the scope has 
a definite physical diameter. No return 
which appears on the scope can be smaller 
than the diameter of the beam. Further- 
more, a part of the glow produced when the 
electron beam strikes the phosphorescent 
coating of the CRT radiates laterally across 
the scope. As a result of these two factors, 
all returns displayed on the scope will ap- 
pear to be slightly larger in size than they 
actually are. 

Here again, as in the case of pulse length 
and beam width distortions, the effect is to 


reduce the resolution of the set. This may 
make it difficult for the radar navigator to 
isolate and identify returns. 

Spot size distortion may be reduced by 
using the lowest practicable receiver gain, 
video gain, and bias settings and by keeping 
the operating range at a minimum so that 
the area represented by each spot is kept 
at a minimum. Further, the operator should 
check the focus control for optimum setting. 

TOTAL DISTORTION. The radar presenta- 
tion is distorted by three inherent errors: 
pulse length, beam width, and spot size. The 
combined effect of these errors is illustrated. 
For navigational purposes, the errors are 
often negligible. However, the radar navi- 
gator should realize that they do exist and 
that optimum radar accuracy demands they 
be taken into account. 


NAVIGATIONAL FEATURES 
OF RADAR 


The airborne radar sets used throughout 
the Air Force vary slightly in the naviga- 
tional refinements offered. All of the sets in 
use, however, possess some of the following 
features. 
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Radar Range Selection 


The range of any radar system depends 
upon the transmitted power, the receiver 
sensitivity, the antenna gain, and the vari- 
ous factors affecting reflection. However, 
since radar is a “line-of-sight” instrument, 
the ultimate limitation on the range of any 
radar is the curvature of the earth. In prac- 
tice, it is found that the horizontal strati- 
fication of the atmosphere causes refraction 
of the microwave rays, usually bending 
them downward so that they tend to follow 
the curvature of the earth. This results in a 
theoretical radar range which may be de- 
termined by the following formula: 


D= V2h X .87 


when D is in nautical miles and h is the 
altitude in feet. 

Though it is possible to receive returns 
from objects at great distances, it is not 
always necessary or desirable to have 
the maximum range portrayed on the scope. 
Therefore, the operating range of all radar 
sets may be controlled by the operator. The 
various sets differ as to the maximum and 
minimum ranges obtainable. Most sets cur- 
rently in use may be varied from 3 to 400 
miles. The range selected determines the 
comparative size of the various returns, 
and proper use of the range selector control 
can simplify the scope interpretation prob- 
lem. For example, decreasing range will 
show a particular area in much greater de- 
tail, while increasing range (altitude per- 
mitting) will give a much greater coverage. 


Fixed Range Markers 


Fixed range markers have already been 
discussed under the heading, Plan Position 
Indicator. These markers describe concen- 
tric circles on the scope at fixed range in- 
tervals. They may be used to measure the 
slant range (the direct line-of-sight range) 
to any return appearing on the scope. It is 
often necessary to interpolate when using 
the fixed range markers because the return 





appears between two markers. On some 
sets, one of the several range intervals 
available—2, 5, 10, etc.—may be arbitrarily 
selected. On other sets, the range mark in- 
terval is automatically determined by the 
setting of the range selector control. 


Variable Range Marker and Crosshairs 


Most radar sets also provide a range 
marker which may be moved within certain 
limits by the radar operator. This variable 
range marker permits more accurate meas- 
urement of range because the marker can 
be positioned more accurately on the scope. 
Furthermore, visual interpolation is not 
necessary when using the variable range 
marker because it can be placed at the par- 
ticular return being considered. 


On most late model radar sets, an elec- 
tronic azimuth marker has been added to 
the variable range marker to facilitate fix- 
ing. The intersection of the azimuth marker 
and the variable range marker is defined as 
the radar crosshairs. 


Azimuth Stabilization 


To preclude the necessity for converting 
relative bearings to true bearings, a system 
has been devised which orients the scope so 
that true north always appears at the top. 
This system, known as azimuth stabiliza- 
tion, is so connected to the compass system 
that the sweep assumes the “12 o’clock”’ 
position when the antenna is pointed north, 
if the correct variation is set into the radar. 
An electronic heading marker indicates the 
true heading of the aircraft, and all bearings 
taken are true bearings. With the azimuth 
stabilization system off, the top of the scope 
represents the heading of the aircraft and 
all bearings taken are relative bearings. 
The captioned illustration shows the visible 
effects of azimuth stabilization. The azimuth 
stabilization should be used at all times ex- 
cept in those regions where the tie-in to the 
compass system is impractical due to rapid 
changes in variation (as in polar areas). 














AZIMUTH STAB OFF 
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AIRCRAFT HEADING 
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AZIMUTH STAB ON 


Visible Effects of Azimuth Stabilization 


BEARING CORRECTION. For optimum accu- 
racy, it may sometimes become necessary to 
correct the bearings taken on the various 
targets. This necessity arises whenever: 
(1) the heading marker reading does not 
agree with the true heading of the aircraft 
when azimuth stabilization is used, or (2) 
the heading marker reading does not agree 
with 360° when azimuth stabilization is not 
used. 

For EXAMPLE. If the TH is 125° and 
the heading marker reads 120°, all of the 
returns on the scope will indicate a bearing 
which is 5° less than it should be. There- 
fore, if a target indicates a bearing of 50°, 
5° must be added to the bearing before it 
is plotted. Conversely, should the heading 


marker read 45° when the TH is 040°, all 
of the scope returns will indicate a bearing 
which is 5° more than it should be. There- 
fore, if a target indicates a bearing of 275°, 
5° must be subtracted from the bearing be- 
fore it is plotted. The greater the distance 
of the target from the aircraft, the more 
important this heading marker correction 
becomes. 


Altitude Delay 


It is obvious that the ground directly be- 
neath the aircraft is the closest reflecting 
object. Therefore, the first return which can 
appear on the scope will be from this ground 
point. Since it takes some finite period of 
time for the radar pulse to travel to the 
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ALTITUDE 30,400 FEET 





10-MILE 
RANGE 
WITHOUT SETTING 


ALTITUDE DELAY 
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ALTITUDE DELAY 


Altitude Delay Eliminates the Hole 


ground and back, it follows that the sweep 
must travel some finite distance radially 
from the center of the scope before it dis- 
plays the first return. Consequently, a hole 
will appear in the center of the scope within 
which no ground returns can appear. Since 
the size of this hole is proportional to alti- 
tude, its radius can be used to measure alti- 
tude. Thus, if the radius of the altitude hole 
is 12,000 feet, the absolute altitude of the 
aircraft is 12,000 feet. 


Although the altitude hole may be con- 
veniently used to measure altitude, it occu- 
pies a large portion of the scope face, espe- 
cially when the aircraft is flying at a high 
altitude and using a short range. This may 
be seen in the accompanying illustration. In 
this particular case, the range selector 
switch is set for a 10-mile range presenta- 
ion. Without altitude delay, the return 
shown on the first five miles of the scope 


8-20 





consists of the altitude hole, and the return 
shown on the remaining five miles is a badly 
distorted presentation of all of the terrain 
within ten miles of the point below the atr- 
craft. To obviate such a condition, most of 
the newer radar sets incorporate an altitude 
delay circuit which permits the removal of 
the altitude hole. This is accomplished by 
delaying the start of the sweep until the 
radar pulse has had time to travel to the 
ground point directly below the aircraft and 
back. Hence, the name altitude delay circuit. 
The altitude delay circuit also minimizes dis- 
tortion of the type shown in the left-hand 
scope of the illustration. On this scope, it is 
evident that the area displayed is a greatly 
compressed version of the actual ground 
area. The circuit makes it possible for the 
radarscope to present a ground picture, 
which preserves the actual relationships be- 
tween the various ground objects. 








NO SWEEP DELAY 
50 MILE RADIUS 
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50 MILE SWEEP 
DELAY ENTERED 


Sweep Delay Provides a Telescopic View 


Sweep Delay 


Sweep Delay is a feature which delays the 
start of the sweep until after the radar 
pulse has had time to travel some distance 
into space. In this respect, it is very similar 
to altitude delay. The use of sweep delay 
enables the radar operator to obtain an en- 
larged view of areas at extended ranges. 


For example, two targets which are 45 
miles from the aircraft tan only be dis- 
played on the scope if a range scale greater 
than 45 miles is being used. On the 50-mile 
range scale, the two targets might appear 
very small and close together. By introduc- 
ing 40 miles of sweep delay, the display of 
the two targets will be enlarged as long as 
the range displayed on the scope is less 
than that displayed before sweep delay was 


introduced. For instance, if the scope is on 
a 50-mile range scale, as in the preceding 
example, introducing 40 miles of sweep de- 
lay would have no enlarging effect unless 
the range being displayed is reduced to some 
value below 50 miles. The more this range 
is reduced, the greater will be the enlarging 
effect. On some sets, the range displayed 
during sweep delay operation is fixed by the 
design of the set and cannot be adjusted by 
the operator. The illustration shows graph- 


_ ically the effect of sweep delay. 


RADAR FIXING 
Each radar set in current use may pro- 


vide methods of fixing which are peculiar 
to that set. If would be impossible to de- 
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scribe all of these methods. Therefore, only 
the basic methods employed with most sets 
will be discussed here. 


Measuring Range 


Most radar sets offer a choice between 
the use of fixed range markers or a variable 
range marker for the measurement of 
range. 


FIXED RANGE MARKERS. The fixed range 
markers are separated by specific intervals. 
These intervals are governed either by a 
range mark interval selector switch or by 
the range selector switch. In either case, the 
range marker interval must first be known 
before the markers can be used. Next, the 
position of the radar return with respect to 
the range markers is determined. Interpo- 
lation will often be necessary; thus, certain 
limits are imposed on the accuracy of this 
range measurement. 

Slant Range. Once a return has been 
identified, it may be used to fix the position 
of the aircraft by measuring its bearing and 
distance from the known geographic point. 
Of particular significance in any discussion 
of radar ranging is the subject of slant 
range versus ground range. Slant range is 
the straight-line distance between the air- 









ALTITUDE 
24,320 FT 


craft and the target, while ground range is 
the range between the point on the earth’s 
surface directly below the aircraft and the 
target. The illustration shows how these two 
ranges may differ, and how the difference 
becomes less as the slant range increases. 

In order to fix the position of the aircraft, 
the navigator is interested in his ground 
range from the fixing point. Yet his fixed 
range markers give him slant range. His 
problem, then, is to determine the critical 
range below which he must convert slant 
range to ground range in order not to intro- 
duce significant errors in his fixes. This 
critical range may be determined by a sim- 
ple formula: 


Absolute Altitude — 5,000 


1,000 


= Critical slant range (in nm) 


Example: 
80,000 (Absolute Altitude in feet — 5,000 


1,000 
= 25 nm 


In this example, if the slant range is less 
than 25 miles, it should be converted to 
ground range before the fix is plotted. At 


1ONM 


TSNM 


Slant Range Compared to Ground Range 





ranges in excess of 25 miles, slant range 
would so closely approximate ground range 
that conversion would be unnecessary. 


Slant range may be converted to ground 
range using the Pythagorean theorem. This 
states that the square of the hypotenuse of 
a right triangle is equal to the sum of the 
squares of the other two sides; i.e, C? 
equals A? plus B?. The slant range is sub- 
stituted for the hypotenuse (C), the abso- 
lute altitude of the aircraft is substituted for 
one side (A) of the triangle, and the other 
side (B), when solved becomes the ground 
range. 

Computer method of slant range conver- 
sion. Slant range may also be converted to 
ground range on the hand-held computer by 
constructing the right triangle of ground 
range, slant range, and altitude as follows: 


1. Convert the absolute altitude from feet 
to nautical miles by dividing by 6,080. 


2. Set the computer azimuth with the in- 
dex on a cardinal heading. 


3. Using the vector side of the slide, 
measure down from the grommet the 
amount of the absolute altitude in nautical 
miles. This is shown in the illustration 
where a scale of 10 on the computer is equal 
to one mile and the absolute altitude is three 
miles. 


4. Rotate the computer 90° to another 
cardinal heading as in the illustration. 


Note 





Slant range is represented by a 
groundspeed line on the computer 
slide. For instance, if the slant range is 


14 nautical miles, use the 140 ground- 
speed line. 


5. Adjust the slide so that the correct 
groundspeed line is under the outer end of 
the plotted altitude vector, as in the illus- 
tration. 


6. Read the ground range under the 
grommet. 


AF MANUAL 51-40 VOL 1 15 OCTOBER 1959 

















Computer Method of Slant Range Conversion 


7. Divide by 10 for the actual ground 
range. 

VARIABLE RANGE MARKER. The variable 
range marker or crosshair is used for more 
precise measurement of position. The mark- 
er is placed on a selected radar return, and 
the position of the aircraft with respect to 
that return is indicated on a separate dial 
or dials. The indicated range is the ground 
range if the radar set is equipped with a 
computer and the absolute altitude of the 
aircraft is known and used in the computer. 
A limitation on the use of the variable range 
marker is the fact that the maximum range 
of the marker is far less than the ranges 
available using the fixed range markers. 
Fixes obtained using the crosshair are called 
precision fixes. 


Single Range and Bearing Fix 


The single range and bearing fix is the 
method most widely used to obtain radar 
fixes. This fix is just what the name implies. 
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The bearing of the return is measured on 
the calibrated azimuth ring or by using the 
electronic azimuth marker. If azimuth sta- 
bilization is off and the top of the scope 
represents the nose of the aircraft, this 
bearing is a relative bearing and must be 
added to the true heading in order to obtain 
a true bearing. If azimuth stabilization is on 
and the proper variation is set, the bearing 
measured is true bearing and may be plot- 
ted as such. (The heading marker correction 
must, of course, be applied to all bearings 
taken). The reciprocal of the bearing to the 
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radar target becomes a line of position 
which is crossed with the range measure- 
ment to obtain a fix. 


Multiple Bearing Fix ° 


Sometimes it is not possible to measure 
range with the radar. When this occurs, 
accurate fixes are obtained by crossing azi- 
muth bearings from two or more identified 
targets. The best results are obtained when 
using three targets 120° apart. If only two 
targets are used, 90° cuts give the best re- 
sults. The three-bearing fix, of course, is 
generally more accurate. 

The following is one method of taking a 
multiple bearing fix: 


1. Identify three returns approximately 
120° apart. 


2. Using the bearing cursor, take the 
bearing of each return in quick succession. 


3. Note the time of the bearings. 
4. Plot the reciprocals of the bearings on 
the chart as shown. 


The intersection of the bearing lines is 
the radar fix. The time of the fix is the time 
noted in step three. 









Crossing Two or More Bearings 
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L Multiple Range Fixes 


If the scale illumination light is burned out, 
the cursor cannot be moved, or if the scope 
presentation cannot be centered on the cursor 
plate, it would be necessary to position the 
aircraft by multiple range fixes derived by 
measuring the range to two or more targets 
and plotting these ranges on the chart. The 
intersection of the range circles is the fix. If 
only two targets are used, the range circles 
cross at two points. The resulting ambiguity 
is resolved by using dead reckoning informa- 
tion. If three targets are used, there is no 
ambiguity. 


The following procedure is used to obtain 
a multiple range fix: 


1. Identify three targets approximately 
120° apart. 


2. Note the range to each target being 
used and the time that this obsérvation is 
made. 


3. Set a draftsman’s compass to one of 
9 the ranges observed. 


4. Place the point of the compass on the 
chart symbol corresponding to the return 
and draw an arc on the chart. 
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5. Repeat this for each range observed. 
The intersection of the arcs (see illustra- 
tion) is the fix. The time of the fix is the 
time noted in step two. 


RADAR COMPUTERS 


Due to the increasing complexities of nav- 
igation and bombing problems in modern 
high speed aircraft, various computer sys- 
tems have been devised to assist the naviga- 
tor in the completion of his mission. 


These computers range from the relative- 
ly simple to the enormously complex. Only 
the more basic type will be discussed here 
and only that information relative to navi- 
gation will be included. 












Crossing Two or More Ranges 
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Digitized by \33 
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Determining Position 


Regardless of the type, all computers 
require certain information that must be fed 
into the system either manually or electron- 
ically. In turn, the computer will furnish the 
navigator with the position of the aircraft 
at any time. If a wind run has been accom- 
plished, this position will be an accurate DR 
position; if no wind is set into the system, 
the position will be an air position. 

The computer system accomplishes this 
in the following manner. First, the naviga- 
tor sets in a departure point by taking a fix 
on a known object, or by zeroing his fix dials 
over a known point. From this point on, the 
system computes the departure from that 
point. Normally, the navigator will accom- 
plish a “wind run” at the same time that he 
is taking a fix. This serves to set into the 
system the latest known wind, and the com- 
puter will continue to use this wind until 
another is set in. The navigator may also 
set in any known wind, if a “wind run” is 
not feasible at departure. Since the navi- 
gator manually sets in the departure point 
and the wind, some system must be incor- 
porated to provide TH and TAS. This is 
accomplished electrically by the compass and 
pitot-static systems. 


As the aircraft progresses along track, the 
navigator can determine the DR position at 
any time by referring to the “fix dials.” In 
addition, the latest known wind may be as- 
certained by reference to the “wind dials.” 
Both of these dials will furnish information 
in “rectangular” coordinates or forces. The 
fix dials will reflect the distance traveled from 
departure, in components north, south, east 
or west. Thus, if after one hour, the position 
shown on the dials is 150 miles north and 120 
miles east, then the position in “polar” co- 
ordinates becomes 190 miles from the depar- 
ture point on a true bearing of 040. By refer- 
ence to the departure point, a DR position in 
latitude and longitude can be quickly deter- 
mined. 
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Wind Runs 


As mentioned earlier, there are radar 
computers that will greatly aid the naviga- 
tor by furnishing an instantaneous DR posi- 
tion at any time. However, for this DR posi- 
tion to be accurate, frequent wind runs must 
be made so that an accurate wind will be 
integrated into the system. 

With any computer, the wind run is a 
simple time and distance problem. In the 
more basic systems the operator notes a par- 
ticular return, determines the altitude of the 
return (commonly called a target), and sets 
the altitude of the aircraft with respect to 
the target into the set. Next, the crosshairs 
are placed on the target and the set placed in 
the “wind run” position. When the crosshairs 
appear to drift off the target, they are reposi- 
tioned on the target. This is known as syn- 
chronization. When the crosshairs and target 
are accurately synchronized; i.e., when the 
crosshairs do not appear to drift off the tar- 
get, then the wind run is complete and the 
‘“‘wind run” switch is turned off. 

At that time, the rectangular coordinates 
of the wind may be read on the wind run 
dials. As with the position dials mentioned 
earlier, these dials read the forces of the wind 
in components of north, south, east or west. 
Thus, if the dials read north 30 and east 15, 
the resultant wind would be from 026 degrees 
at 34 knots. 

Such a wind run is an accurate spot wind 
and is automatically fed into the computer 
system. It remains in the system until an- 
other wind run is made or a manual setting 
of the wind is accomplished. 


DETERMINING DEVIATION 


Deviation may be determined by radar 
whether the set is operated Az Stab On or 
Az Stab Off. 


Az Stab On 


Measure the scope bearing of two targets 
when the aircraft crosses a line of position 
passing through them. Compare the bearing 





from the scope with the actual bearing as de- 
termined from the chart. The difference be- 
tween the two is the heading marker correc- 
tion which, when applied to the indicated true 
heading, gives the actual true heading. 


If the scope bearing is numerically larger 
than the measured (chart) bearing, the sign 
of the heading marker correction is minus. 
Conversely, if the scope bearing is numeri- 
cally smaller than the measured (chart) bear- 
ing, the heading marker correction is plus. 
Once the true heading is obtained, the proce- 
dure for finding deviation is the same as if 
the true heading were obtained by any other 
means. 


Az Stab Off 


Measure the scope bearing when the air- 
craft crosses a line of position passing 
through two targets. Add the assumed true 
heading (compass heading plus or minus 
variation) to the scope bearing from either 
return. The angular difference between this 
bearing and the line of position is deviation. 

If the plotted scope bearing is numerically 
larger than the measured (chart) bearing, 
the sign of the deviation correction is plus. 
Conversely, if the plotted scope bearing is 
numerically smaller than the measured 
(chart) bearing, the sign of the deviation 
correction is minus. 

Accuracy of true headings obtained by 
radar is dependent upon the use of accurate 
charts. If targets are mislocated on the chart 
used, the true heading obtained is also in 
error. 


TARGET-TIMING WIND RUN 


One method of wind determination peculiar 
to radar is called the target-timing wind run. 
This method measures the track a target 
makes as it traverses the scope. It also de- 
termines the groundspeed of the aircraft by 
measuring the distance the target travels on 
the scope during a certain period of time. 


Track and groundspeed are then compared 
with true heading and true airspeed, during 
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the time elapsed, in order to determine the 
wind. In making a target-timing wind run, 
a small, well-defined, persistent return which 
is within close proximity to the aircraft’s 
track should be used. Since the range meas- 
urements must be accurate, the variable 
range marker or crosshair should be used if 
available. 

-The procedures for obtaining a _ target- 
timing wind when azimuth stabilization is 
on are slightly different from those when 
azimuth stabilization is off. These proce- 
dures are described as the true bearing 
method and the relative bearing method, 
respectively. 


True Bearing Method 


1. For radar sets with full 360° scan and 
azimuth stabilization on, set the variable 
range marker (VRM) or crosshair at a con- 
venient range near the maximum range of 
the marker. Use the fixed range markers if 
no VRM is available. 

2. As the target intersects the range 
marker, read the bearing and range, and start 
a stop watch. Timing accuracy is essential to 
obtain an accurate groundspeed. 

3. Place the square grid of the computer 
slide under the transparent face and center 
the zero under the grommet. 

4. Turn the azimuth ring until the bear- 
ing read in step two is opposite the index. 

5. Measure down from the grommet a 
number of units equal to the ground range of 
the aircraft from the target. Mark this point 
on the center line of the grid by making a 
small cross. 

6. Set the variable range marker or cross- 
hair to a lesser range, or select another fixed 
range mark, and when the target intersects 
the range marker, record the bearing and 
distance in the same manner as before. The 
target will then pass the scope center and 
move toward the opposite side of the scope. 

7. Without changing the range marker 
setting, record the bearing and distance as 
the target intersects the range marker on 
the other side of the scope. Plot this on the 
computer. 
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Target-Timing Wind Run 
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8. Use the same range as in step one. As 
the target intersects the range marker, read 
the bearing and distance, and stop the 
watch. Plot the bearing and distance on the 
computer. 


9. Rotate the azimuth ring until a line 
connecting the fixes parallels the vertical 
lines on the grid. 


10. Read the track (or its reciprocal) at 
the true index marker. (The reciprocal can 
be identified by comparing the track read 
on the computer to the heading of the air- 
craft). The difference between the track 
and the true heading is the drift. 


11. Count the number of grid units be- 
tween the first and last fixes plotted to get 
the distance traveled. 


12. Use the back of the computer and 
divide this distance by the elapsed time to 
obtain the groundspeed. 


13. Once the track and groundspeed have 
been found, they may be applied to the true 
heading and true airspeed to find the wind. 


Relative Bearing Method 


The target-timing wind is extremely use- 
ful in arctic regions where targets are prac- 
tically unidentifiable. However, because of 
the limitations in the use of the compass in 
arctic regions, the wind must be obtained 
with azimuth stabilization off. In this case, 
the relative bearing method must be used. 
To use the relative bearing method, follow 
steps one through eight as outlined for the 
true bearing method. Then proceed as fol- 
lows: 


9. Rotate the azimuth ring until 360° is 
under the true index marker. In this posi- 
tion, a line connecting the plots should be 
nearly parallel to the vertical grid lines. 
Move the azimuth ring until the line con- 
necting the plots is exactly parallel to the 
vertical grid lines. The difference between 
360° and the reading under the true index 
will be the drift angle. If the reading under 
the true index is less than 360°, the sign 
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of the drift correction will be plus; if the 
reading under the true index is more than 
360°, the sign of the drift correction will be 
minus. 


10. Count the number of grid units be- 
tween the first and last fixes plotted to get 
the distance traveled. 


11. Use the back of the computer to di- 
vide this distance by the elapsed time to 
obtain the groundspeed. 


12. Once the drift and groundspeed have 
been found, they may be applied to the TH 
and TAS to find the wind. 


DOPPLER DRIFT 


The Doppler effect is the apparent change 
in frequency of radiant energy when there 
is relative motion between the energy source 
and the receiver. The basic principles are 
throughly discussed in the chapter on au- 
tomatic navigation. Here, the discussion is 
restricted to a method of using the Dopp- 
ler effect to determine drift without special 
equipment, the only requirement being that 
the antenna of the radar used is movable in 
small increments of azimuth. 

The Doppler method of drift determina- 
tion involves training the beam of a radar 
slowly from one side of dead ahead to the 
other, watching carefully for a visible pulsa- 
tion or flickering of the target images on 
the scope. At the point at which the flicker 
is slowest, the beam is aligned with the 
track. The drift angle is the difference be- 
tween the azimuth of the stationary sweep 
(when aligned for minimum flicker) and the 
true heading of the aircraft. If the track is 
greater than the true heading, the sign of 
the drift correction is minus; if the track is 
less than the true heading, the sign of the 
drift correction is plus. A radar multiple 
drift may be flown using this same princi- 
ple. Once the drift has been determined on 
the various headings, the procedure for find- 
ing the wind is identical to that for the vis- 
ual multiple drift. 
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A further advantage of drift reading by 
radar is that, in the absence of identifiable 
targets for fixing (as in the polar areas), 
the sweep may be allowed to remain in 
the position of the last on-course drift read- 
ing. As long as the minimum flicker occurs 
in the same direction, there has been no 
change in the track. 


RADAR BEACONS 


Radar beacons, or racons, operate on the 
same principle as the distance measuring 
equipment discussed under TACAN in the 
chapter on radio. The racon is a ground- 
based receiver-transmitter (transponder) 
which, upon reception of an “interrogation” 
pulse from the airborne radar, sends a “‘re- 
ply” pulse back to the aircraft. In the 
TACAN set, the time difference between 
the transmission of the interrogation pulse 
and the reception of the reply pulse is trans- 
lated into distance on a mileage indicator. 
In the radar set, the reply pulse from the 
ground beacon is displayed on the scope just 
like any other radar return. 


The racon return differs from the ordi- 
nary radar return in that it is composed of 
a series of spaced pulses as illustrated. Also, 
the radar beacon transmits on a different 
frequency from the airborne transmitter. If 
the radar receiver is tuned to the frequency 
of its own transmitter, only ordinary radar 
returns are displayed on the scope. If the 
receiver is tuned instead to the beacon fre- 
quency, the ordinary returns disappear and 
only the beacon returns are seen. 

The series of spaced pulses composing the 
beacon return constitutes a code which is 
used to identify the beacon. For example, a 
code of 1-2-2 would appear on the scope as 
a return composed of a total of five pulses, 
the first pulse by itself, then a group of 
two pulses, and finally another group of two. 
The first pulse of any racon return indicates 
the station location. Therefore, bearing and 
range measurements should be made to this 
point. The slant range measured to this 
point is always one mile greater than the 
actual slant range because of the slight time 
delay between the reception of the interro- — 
gation pulse and the transmission of the 

















reply pulse at the ground beacon. Hence, 
one mile should be subtracted from the indi- 
cated slant range. 


The biggest advantage of the radar bea- 
con is that it greatly extends the range of 
the airborne radar: first, because the radar- 
to-beacon and beacon-to-radar transmissions 
are each one way (which greatly decreases 
attenuation), and second, because the power 
transmitted by the beacon is independent 
of the strength of the interrogation signal. 


Racons may be used for fixing or for 
homing. Their locations are plotted on WAC 
charts and may also be found in the FLIP, 
Enroute Supplement. Since they are normally 
used at extended ranges, adjustment of the 
antenna tilt control may be necessary to 
“‘see” the beacon return. Also, the enlarged 
picture obtained with sweep delay may aid 
in reading the beacon code should the series 
of spaced pulses tend to blend together into 
one long return. 

The use of the radar beacon concept is not 
restricted to ground-based racons. The fa- 
miliar IFF (Identification Friend or Foe) 
used since the middle of World War II is 
simply a small airborne transponder which 
emits a coded signal when interrogated by 
a ground-based search radar. If no coded 
reply (or an incorrect one) is received, the 
radar return is identified as a foe. Radar 
beacons are also used to effect airborne 
rendezvous. 


OTHER RADAR USES 


Airborne Radar Approach 


The airborne radar approach (ARA) may 
be described as GCA in reverse. It is used 
only as an emergency procedure in marginal 
weather conditions’ if air-to-ground com- 
munication is impossible and no radio navi- 
gation aids are available. However, it should 
be practiced often against the time when it 
may be the only method of effecting a safe 
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landing. Even when the letdown and ap- 
proach are directed by ground radar, such 
direction should be monitored by the navi- 
gator on the airborne radar. 


The ARA involves the use of the airborne 
radar set to guide the pilot to a point on the 
final approach where he can either complete 
the landing visually or decide that the land- 
ing cannot be safely completed. This point 
will be defined by the “minimums” for PPI 
approaches at the base at which the ARA 
is made. 


There are two main phases in the air- 
borne radar approach—the letdown and the 
approach itself. The letdown is normally 
accomplished from a nearby VOR or radio 
range station in accordance with published 
procedures. If these are not available, the 
letdown is made from a point over the run- 
way using a standard procedure for the type 
of aircraft flown. 


After completion of the letdown, the ap- 
proach itself is begun. Again, the proce- 
dures used vary with the capabilities of the 
radar used. In general, on radar _ sets 
equipped with computers, the crosshairs are 
used to monitor the distance and direction 
to the end of the runway; on other sets, the 
fixed range markers are used. The specific 
steps for each type of radar are included 
in the appropriate aircraft flight handbook. 


Station Keeping 


Station keeping is a technique wherein 
radar is used to maintain a fixed position 
relative to one or more aircraft in flight. 
With the advent of nuclear weapons, the 
number of aircraft required to bomb a given 
area effectively has greatly decreased. 
Hence, the “tight”? bomber formations of 
World War II are no longer used. Today’s 
bomber formations may require separations 
on the order of a mile or more. 

At distances such as this, radar provides 
a means of station keeping more accurately. 
In addition, it is superior to the visual 
method of formation flying since it is an all 
weather method. 
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Avoiding Thunderstorms 
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Positions within the formation are main- 
tained with fixed or variable range markers 
or with the crosshairs. With radar sets 
having a highly directional, ‘“‘pencil type” 
beam, returns appear on any portion of the 
scope. On other sets, the various aircraft in 
the formation appear in the altitude hole. 


Navigation Through Weather 


The use of radar for weather avoidance 
has become increasingly important in recent 
years from the standpoint of both safety 
and operational flexibility. The severe tur- 
bulence existing in a thunderstorm of even 
moderate proportions constitutes an ex- 
tremely dangerous hazard to flight. It is 
mandatory that severe weather areas be 
avoided whenever possible. 


The most important factor in the creation 
of a radar cloud return is the size of the 
water droplets within the cloud. Fortunate- 
ly, the size of the water droplets is also an 
excellent indication of the severity of the 
turbulence. Successful weather avoidance, 
then, involves the avoidance of the brightest 
areas of meteorological returns. 


Weather avoidance with radar is mainly 
of two types: (1) avoidance of isolated 
thunderstorms, and (2) penetration of a 
line of thunderstorms. The process of avoid- 
ing an isolated return is one of first identi- 
fying the return (see Typical Scope Re- 
turns) and then circumnavigating it. Pene- 
tration of a line of thunderstorms presents 
a somewhat different problem. Since the 
line may extend for hundreds of miles, cir- 
cumnavigation is not often practical nor 
even possible. If the flight is to continue, the 
line must be penetrated. When this is nec- 
essary, the main objective is to avoid the 
storm cells which cannot be located visually. 


An example of frontal penetration using 
radar is shown. Upon approaching the line, 
the navigator determines the area of least 
radar return and selects this as the penetra- 


.tion point. The pilot directs the aircraft to 


that point, and makes the penetration at 
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right angles to the line so as to remain in 
the bad weather area for the shortest possi- 
ble time. As the line is approached, the gain 
is lowered and the antenna raised slightly 
to obtain better definition of the bright and 
dark areas. The bright echoes must be 
avoided with great care. The most danger- 
ous portion of a cumulonimbus is the lower 
two-thirds; therefore, the highest practica- 
ble altitude must be used to make the 
penetration. 


Some of the newer radar sets have a 
weather function control which allows for a 
reduction in the beam coverage so that only 
the altitude being flown is scanned and only 
those clouds at the altitude of the aircraft 
are displayed on the scope. 


Precision Turns 


A precision turn is one so planned that the 
aircraft will roll out on the proper heading 
to make good a predetermined track. For 
example, in bombing, the bomb run to the 
target must begin from a fixed point, called 
the IP (initial point). In order to roll out 
on the track from the IP to the target, the 
turn onto the bomb run must begin at some 
point prior to the IP. This situation is de- 
picted in the illustration. There are several 
methods of executing the precision turn. 

COMPUTING THE POINT TO START THE 
TURN. The point at which a precision turn 
should begin is computed on the basis of the 
amount of turn to be made, the turning 
rate, and the groundspeed of the aircraft. 
The turn angle and the groundspeed must 
be determined prior to the turn, through 
normal navigational procedures. The turn 
rate is governed by local directives, but it 
is usually a one-quarter or one-half needle- 
width turn. A one-quarter needlewidth turn 
is an 8-minute, 360° turn, and a one-half 
needlewidth turn is a 4-minute, 360° turn. 


To find the turn distance, enter the table 
in the illustration for the turning rate to be 
used. At the intersection of the groundspeed 
column and the degree of turn column, read 
the ground distance from the IP to the ac- 
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DEGREE OF TURN (TH TO TH) 





Establish the Turn Point 


tual turning point. Plot this distance on the 
chart. In the illustration, the aircraft is ap- 
proaching the IP on a true heading of 015° 
at a groundspeed of 250 knots. The true 
heading to the target is 085°. Enter the 
table with 250 knots and 70° (085° — 015°), 
the difference between the new heading and 
the old one. The distance from the IP to 
start the turn is 3.5 nautical miles. The 
problem now becomes one of determining 
when the aircraft is at the turning point. 
This is found in several ways. 

Fixed Range Marker Method. The slant 
range corresponding to the ground range 
distance can be computed (see Radar Fix- 
ing). When the IP appears at the proper 
slant range on the scope as indicated by the 
fixed range markers, execute the turn. 

Variable Range Marker Method. When 
using a radar set on which there is a varia- 
ble range marker, execute the turn when 
the IP intersects the VRM. 
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Bearing Method. If the bearing from the 
turning point to some easily identifiable 
ground point is measured, make the turn 
when the bearing of the aircraft to this 
point reaches the measured bearing. For 
greatest accuracy, the line of bearing from 
the turning point to the reference point 
should intersect the track at approximately 
a right angle. 

OFF COURSE METHOD. If the aircraft is 
not on the desired track to the IP, each of 
the three methods described above will be 
inaccurate. For example, if the aircraft is 
several miles to the left of track (see illus- 
tration) and the radar operator waits until 
the IP is 3.5 nautical miles from the air- 
craft, the aircraft will roll out on a track 
above that desired. However, if a line is 
drawn on the scope through the IP and in 
the direction of the new track, make the 
turn when the line—not the IP—is 3.5 nau- 
tical miles from the aircraft. 


Digitized by Google 











lossary 


000p>)000000 


ABORT 

Cancellation of a flight or flight requirement by 
an aircrew for weather, personnel, or material 
reasons after station time. 

ABSOLUTE ALTIMETER 


Radio or similar apparatus that is designed to 
indicate the actual height of an aircraft above 
the terrain. 

ABSOLUTE ALTITUDE 


See Altitude. 


AGONIC LINE 

The line on a chart joining all points of zero 
variation. 

AiR ALMANAC 


A joint publication of the US Naval Observatory 
and British Royal Observatory covering a 
four-month period. It contains tabulated values 
of the Greenwich hour angle and declination of 
selected celestial bodies, plus additional celestial 
data used in navigation. 


AIR DISTANCE 


Distance that is measured relative to the mass 
of air through which an aircraft passes; the 
no-wind distance flown in a given time (TAS x 
time). 

AIR PLOT 


A graphic representation of true heading and air 
distance. 


AIR POSITION (AP) 

The no-wind position of an aircraft at a given 
time. 

AIRSPEED 

The speed of an aircraft relative to the air. 
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- Basic Airspeed (BAS) 


Indicated airspeed corrected for instrument 
error. 


Calibrated Airspeed (CAS) 


Basic airspeed corrected for pitot-static installa- 
tion and/or the attitude of the aircraft. 


Equivalent Airspeed (EAS) 


Calibrated airspeed corrected for compressibility- 
of-air error. 


Indicated Airspeed (IAS) 
The uncorrected reading obtained from the 
airspeed indicator. 

True Airspeed (TAS) 


Equivalent airspeed corrected for density alti- 
tude (pressure and temperature). 


Airspeed Indicator (ASI) 


An instrument which gives a measure of the 
rate of motion of an aircraft relative to the 
surrounding air. 


AIR TEMPERATURE 


Basic Air Temperature (BAT) 


Indicated air temperature corrected for the 
instrument error. 


Corrected Mean Temperature (CMT) 


The average between the target temperature 
and the true air temperature of flight level. 


Indicated Air Temperature (IAT) 


The uncorrected reading from the free air 
temperature gage. Also known as outside air 
temperature (OAT). 


True Air Temperature (TAT) 


Basic air temperature corrected for the heat of 
compression error. 
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AIRWAY 

An air corridor established for the control of 
traffic. 

ALTER COURSE 

A change in course to a destination or a turning 
point. 

ALTER HEADING 

The change in heading to make good the 
intended course. 

ALTIMETER 

An instrument that measures the elevation of 
an aircraft above a given datum plane. 
ALTIMETER SETTING 


Station pressure reduced to sea level, expressed 
in inches of mercury or millibars. When this 
value is set into the altimeter, the instrument 
reading is indicated true altitude. 


ALTITUDE 
The height of an aircraft above mean sea level 
or above the terrain. 

Absolute Altitude (AA) 


True altitude corrected for terrain elevation: 
the vertical distance of the aircraft above the 
terrain. 


Basic Pressure Altitude (BPA) 


Indicated pressure altitude corrected for instru- 
ment error. Also known as flight-level pressure 
altitude (FL PA). 


Density Altitude (DA, Hd) 


Basic pressure altitude corrected for temperature; 
the vertical distance of the aircraft above the 
standard datum plane. 


Indicated Pressure Altitude (IPA) 
The reading of the pressure altimeter with the 
Kollsman window set at 29.92. 

True Altitude 


The density altitude corrected for pressure 
altitude variation (PAV); the vertical distance 
above mean sea level. 


ALTITUDE, CELESTIAL 
Angular distance of a celestial body above the 
celestial horizon, measured along the vertical 
circle. 

Computed Altitude (HC) 


A mathematical computation of the correct 
celestial altitude of a body at a specific ge- 
ographic position, for a given date and time. 
Observed Altitude (HO) 
The sextant altitude corrected for sextant and 
observation errors. 
Pre-computed Altitude (HP) 
Computed celestial altitude corrected for all 
known observational errors and adjusted to the 
time of the observed altitude. 
Sextant or Octant Altitude (HS) 


A celestial altitude measured with a sextant or 
octant; the angle measured in a vertical plane 
between an artificial or sea horizon and a 
celestial body. 

ALTITUDE DELAY 

A controlled delay applied to the start of the 
trace to eliminate the altitude hole on the 
PPI-type display. 

ALTITUDE HOLE 

The blank area in the center of the PPI, the 
outer edge of which represents the point on the 
ground immediately beneath the aircraft. 
APPARENT PRECESSION 

See Precession, Apparent. 


APPARENT TIME 
See Time. 


ARIES, FIRST POINT OF (T) 


The point on the equinoctial where the sun 
moving along the ecliptic passes from south to 
north declination. Also known as vernal equinox. 


ASSUMED POSITION 


The geographic position upon which a celestial 
solution is based. 











ASTROCOMPASS 


An instrument used primarily to obtain true 
heading by reference to celestial bodies. 


ASTRODOME 


A transparent bubble mounted in the top of an 
aircraft fuselage through which celestia] obser- 
vations are taken. 


ASTRONOMICAL TRIANGLE 


A triangle on the celestial sphere bounded by 
the observer’s celestial meridian, the vertical 
circle, and the hour circle through the body, 
and having as its vertices the elevated pole, the 
observer’s zenith, and the body. 


AURAL NULL 


The determination by ear of the point of zero 
or minimum audio signal from a radio compass, 
which occurs when the receiver radio signal 
picked up by the two sides of the rotatable loop 
antenna cancel one another. This point indicates 
that the plane of the loop is perpendicular to 
the direction of,the transmitted signal and is 
used as a means of determining radio bearings 
in flight. 


AUTOMATIC FLIGHT-CONTROL EQUIPMENT 
(AFCE) 


Autopilot equipment installed in an aircraft to 
maintain desired flight attitude automatically. 
It may also correct for altitude and heading in 
other equipment. 


AUTUMNAL EQUINOX 
See Equinoz. 
AZIMUTH ANGLE (Z) 


The interior angle of the astronomical triangle 


at the zenith measured from the observer’s 
meridian to the vertical circle through the body. 
AZIMUTH STABILIZATION 

Orientation of the picture on a radarscope so as 
to place true north at the top of the scope. 
AZIMUTH, TRUE (ZN) 


The angle at the zenith measured clockwise 
from true north to the vertical circle passing 
through the body. 
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BASE LINE 

The shorter arc of the great circle joining the 
master and slave Loran stations. 

BASE LINE EXTENSION 

The extension of the base line through and 
beyond the master and slave Loran stations. 
BASIC AIRSPEED (BAS) 

See Airspeed. 


BASIC AIR TEMPERATURE (BAT) 
See Air Temperature. 


BASIC PRESSURE ALTITUDE (BPA) 
See Altitude. 


BEACON 


A ground navigational light, radio, or radar 
transmitter used to provide aircraft in flight 
with a signal to serve as a reference to be used 
for the determination of accurate bearings or 
positions. 


BEAM WIDTH 

The effective width in azimuth of radiation 
from an antenna. 

BEAM-WIDTH ERROR 

An azimuth distortion of a radar display caused 
by the width of the radar beam. 

BEARING . 


The horizontal angle at a given point, measured 
from a specific reference datum, to a second 
point. The direction of one point relative to 
another, as measured from a specific reference 
datum. 


Magnetic Bearing 


The horizontal angle at a given point, measured 
from magnetic north, clockwise, to the great 
circle through the object or body and the given 
point. 

Relative Bearing (RB) 


The horizontal angle at the aircraft measured 
clockwise from the true heading of the aircraft 
to the great circle containing the aircraft and 
the object or body. 
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True Bearing (TB) 


The horizontal angle at a given point measured 
from true north clockwise to the great circle 
passing through the point and the object or 
body. 

BELLAMY DRIFT 


The net drift angle of the aircraft calculated 
between any two pressure soundings. 


BLIP 


An indication on the CRT; a spot of light 
representing a target; (Loran) an upward 
deflection of the trace representing the received 
signal. Also known as pip. 


BRANCH, LOWER 


Half of an hour circle opposite from ‘“‘upper 
branch,”’ defined below. 


BRANCH, UPPER 


That half of an hour circle or meridian which 
contains the celestial body or the observer's 
position. 

BUBBLE HORIZON 

See Horizon. 


CALIBRATED AIRSPEED 
See Airspeed. 


CALIBRATION CARD 


A card mounted near an instrument indicating 
the corrections for instrument and installation 
errors. 


CELESTIAL COORDINATES 
See Coordinates. 


CELESTIAL EQUATOR 


The great circle formed by the intersection of 
the plane of the earth’s equator with the celestial 
sphere. Also known as Equinoctial. 

CELESTIAL HORIZON 


See Horizon. 


CELESTIAL MERIDIAN 


A great circle on the celestial sphere formed by 
the intersection of the celestial sphere and any 
plane passing through the North and South 


Z 
: 
, 
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poles. Any great circle on the celestial sphere 
which passes through the celestial poles. 


CELESTIAL NAVIGATION 

See Navigation Aids. 
CELESTIAL-OBSERVATION ERRORS 
(Sextant or Octant). 


Acceleration Error 


An error caused by the deflection of the liquid 
in the bubble chamber due to any change in 
speed or direction of the aircraft. 


Coriolis Error 
The error introduced in a celestial observation 
taken in flight resulting from the deflective 
force on the liquid in the bubble chamber, as 
caused by the path of the aircraft in counter- 
acting the earth’s rotation. 


Index Error 


An error caused by the misalignment of the 
sighting mechanism of the instrument. 


Parallax Error 
The difference between a body’s altitude above 
an artificial or visible horizon and above the 
celestial horizon. The error is present because 
of the fact that the body is not at an infinite 
distance. 


Personal Error 
Errors in celestial observations caused by sight- 
ing limitations of the observer, or visual inter- 
pretation which he uses in collimating the body 
during observations. 


Refraction Error 


An error caused by the bending of light rays 
in passing through the various layers of the 
atmosphere and or the astrodome of the aircraft. 


Rhumb-line Correction 


The correction applied for the bubble-accelera- 
tion error caused by the rhumb-line path of the 
aircraft. 


Wander Error 


The bubble-acceleration error caused by a 
change of track during the celestial-shooting 
period. 














CELESTIAL POLES 


The points of intersection of the extension of 
the earth’s axis with the celestial sphere. 


CELESTIAL SPHERE 


An imaginary sphere of infinite radius whose 
center coincides with the center of the earth. 


CHART 


A graphic representation of a section of the 
earth’s surface specifically designed for naviga- 
tional purposes. A chart may also be referred 
to as a Map. Although a chart is usually spe- 
cifically designed as a plotting medium for 
marine or aerial navigation, it may be devoid 
of cultural or topographical data. 


CHECKPOINT 


A geographical reference point used for checking 
the position of an aircraft in flight. As generally 
used, it is a well-defined reference point easily 
discernible from the air. Its exact position is 
known or plotted on the navigational chart, 
and was selected in preflight planning for use 
in checking aircraft position in flight. 


CIRCLES 
Circle of Equal Altitude 


A circle on the earth which is the locus of all 
points equidistant from the subpoint of a 
celestial body. The altitude of a celestial body 
is the same measured from any point on the 
circle. 


Diurnal Circle 


The daily apparent path of a body on the 
celestial sphere caused by the rotation of the 
earth. 


Great Circle 


Any circle on a sphere whose plane passes 
through the center of that sphere. 


Hour Circle 


A great circle on the celestial sphere passing 
through the celestial poles and a given celestial 
body. 


Small Circle 


Any circle on a sphere whose plane does not 
pass through the center of that sphere. 
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Vertical Circle 


A great circle on the celestial sphere which 
passes through the observer’s position and is 
perpendicular to the horizon. 


CIVIL DAY 
See Day. 
CO-ALTITUDE 


The small are of a vertical circle, between the 
observer’s position and the body (90° — 
altitude). 


CO-DECLINATION 
See Polar Distance. 
COEFFICIENTS OF DEVIATION 


Coefficient “A” 


The constant deviation due to the misalignment 
of the compass lubber line. 


Coefficient ‘‘B’’ 


Deviation caused by the disturbing magnetism 
in the longitudinal axis of the aircraft. 


Coefficient ““C”’ 


Deviation caused by the disturbing magnetism 
in the lateral axis of the aircraft. 


Coefficients ‘“‘D” and ‘“‘E”’ 


Quadrantal deviation caused by transient soft 
iron magnetism with maximum effect on inter- 
cardinal headings. 


CO-LATITUDE 


The small arc of the observer’s celestial merid- 
ian, between the elevated pole and the body 
(90° — latitude). 

COLLIMATION 


The correct alignment of the images of the 
bubble of a sextant and the object being ob- 
served. 


COLLIMATOR 


An instrument used for finding the index error 
of a sextant or octant. 


COMPASS 


An instrument which indicates direction meas- 
ured clockwise from true north, or grid north. 
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Direct-indicating Compass 


A magnetic compass in which the dial, scale, or 
index is carried on the sensing element. 
Distant-Reading or Remote-indicating 
A magnetic compass, the magnetic sensing unit 
of which is installed in an aircraft in a position 
as free as possible from causes of deviation. A 
transmitter system is included so that the com- 
pass indication can be read on a number of re- 
peater dials suitably placed throughout the 
aircraft. 


Magnetic 
An instrument which indicates direction meas- 
ured clockwise from magnetic north. 
COMPASS COMPENSATION 
Any method used to remove compass deviation. 


COMPASS DIRECTION 

The direction measured clockwise from a par- 
ticular compass needle which is more often 
than not displaced from the magnetic meridian 
by local deviating magnetic fields. 


COMPASS HEADING 
See Heading. 
COMPASS NORTH 
See North. 


COMPASS ROSE 


A large circle on the ground graduated clock- 
wise from 0° thru 360° for use as a reference in 
ground-swinging aircraft compasses. It is ori- 
ented with 0° toward magnetic or true north. 
Also a circle on a map or chart graduated 
clockwise from 0° thru 360° (oriented with true 
or magnetic north) to serve as a scale for 
measuring bearings and courses. 


COMPASS SWING 


A procedure for determining compass deviation 
on various aircraft headings for use in compen- 
sating or calibrating the compass. This can be 
done either on the ground or in the air. 


COMPRESSIBILITY-OF-AIR ERROR 


The error caused by the air compressing in the 
pitot-static tube. 
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CONSOL 

A rotating radio signal system utilized for long 
range bearings. 

CONSTELLATION 

A definite pattern of stars identified by legendary 
names. 

CONTOUR LINES 


Lines drawn on maps and charts joining points 
of equal elevation; also, a line connecting points 
of equal altitude on a constant-pressure chart. 


CONTROL POINT 


The position an aircraft must reach at a pre- 
determined time. 


CONTROLLED TIME OF ARRIVAL 


A method of arriving at a destination at a 
specified time by changing direction and/or 
speed of an aircraft. | 


COORDINATES 


Celestial (1) 


This equinoctial system involves the use of 
sidereal hour angle and declination to locate a 
point on the celestial sphere with reference to 
the first point of Aries and the equinoctial. 


Celestial (2) 


The horizon system involves the use of azimuth 
and altitude to locate a point on the celestial 
sphere for an instant of time from a specific 
geographical position on the earth. 


Celestial (3) 
The Greenwich system involves the use of 
Greenwich Hour Angle and declination to 
locate a point on the celestial sphere with 
reference to the Greenwich meridian and the 
equinoctial for a given instant of time. 


Geographical 
The latitude and longitude used to locate any 
given point on the surface of the earth. 

Grid 


A system of coordinates in which the area con- 
cerned is divided into rectangles which are in 
turn subdivided, and in which each subdivision 





@ 





& 


or the dividing grid lines are designated by 
numbers and/or letters to serve as references in 
locating positions or small areas. Also a rec- 
tangular grid or fictitious chart graticule which 
is oriented with grid north. 


Polar 


A system of coordinates used in locating a point 
by direction and distance from an origin. 


Rectangular 


A system of coordinates based on a rectangular 
lattice or grid; sometimes referred to as grid 
coordinates. 


CORIOLIS ERROR 
See Celestial Observation Errors. 
CORIOLIS FORCE 


An apparent force due to the rotation of the 
earth which causes a moving body to be de- 
flected to the right in the Northern Hemisphere 
and to the left in the Southern Hemisphere. 


COURSE 


The direction of the intended path of an aircraft 
over the earth; or the direction of a line on a 
chart representing the intended aircraft path, 
expressed as the angle measured from a specific 
reference datum clockwise from 0° thru 360° 
to the line. 


Great-Circle Course 


The route between two points on the earth’s 
surface measured along the shorter segment of 
the circumference of the great circle between 
the two points. A great circle course establishes 
the shortest distance over the surface of the 
earth between any two terrestial points. 


Grid Course 


The horizontal angle measured clockwise from 
grid north to the course line. The course of an 
aircraft measured with reference to the north 
direction of a polar grid. 


Magnetic Course 


The horizontal angle measured from the direc- 
tion of magnetic north clockwise to a line 
representing the course of the aircraft. The 
aircraft course measured with reference to 
magnetic north. 
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Mercator Course 


The direction of a rhumb line as determined by 
solving the Mercator triangle or by measuring 
on a Mercator chart. The angle measured on a 
Mercator chart from the true north direction of 
a merjdian clockwise to the straight line repre- 
senting the course of the aircraft. 


True Course (TC) 
The angle measured clockwise from true north 
to the line representing the intended path of the 
aircraft. : 
Course Line (LOP) 


A line of position which is parallel or approx- 
imately parallel to the track of the aircraft. A 
line of position used to check aircraft position 
relative to intended course. 


CRAB 

A correction of aircraft heading into the wind 
to make good a given track; correction for 
wind drift. 

CRUISE CONTROL 

The operation of an aircraft to obtain the max- 
imum effciency on a particular mission (most 
miles per amount of fuel). 

“D” SOUNDING 


The difference between pressure altitude and 
true altitude as determined at a given time in 
flight (true altitude — pressure altitude). 
DATUM 


Refers to a direction, level, or position from 
which angles, heights, depths, speeds, or dis- 
tances are conventionally measured. 


DAY 


Civil Day 


The interval of time between two successive 
lower transits of a meridian by the mean (or 
civil) sun. 


Sidereal Day 


The interval of time between two successive 
upper transits of a meridian by the first point 
of Aries (23 hours 56 minutes). 
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Solar Day 


The interval of time between two successive 
lower transits of a meridian by the true (ap- 
parent) sun. 


DEAD RECKONING 

The directing of an aircraft and determining of 
its position by the application of direction and 
speed data to a previous position. 
DEAD-RECKONING POSITION 


The position of an aircraft determined for a 
given time by the application of direction and 


speed data only. 
DECLINATION (DEC) 


The angular distance to a body on the celestial 
sphere measured north or south through 90° 
from the celestial equator along the hour circle 
of the body (comparable to latitude). 


DENSITY ALTITUDE 
See Altstude. 
DEVIATION 


Compass error caused by the magnetism within 
an aircraft; the angle measured from magnetic 
north eastward or westward to the direction of 
the earth’s lines of magnetic force as deflected 
by the aircraft’s magnetism. 


DEVIATION CORRECTION 


The correction applied to a compass reading 
to correct for deviation error. The numerical 
equivalent of deviation with the algebraic sign 
added to magnetic heading to obtain compass 
heading. 


DIP 


Celestial 
The angle of depression of the visible sea horizon 
due to the elevation of the eye of the observer 
above the level of the sea. 

Magnetic 
The vertical displacement of the compass needle 
from the horizontal caused by the earth’s 
magnetic field. 
DIURNAL CIRCLE 
See Circles. 
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DOG LEG 

A route containing a major alteration of course 
(as opposed to a straight-line course.) 

DOUBLE DRIFT (DD) 


A method of determining the wind by observing 
drift on an initial true heading and two other 
true headings which are flown in a specific 
pattern. Also called multiple drift. 


DRIFT 

The rate of lateral displacement of the aircraft 
by the wind, generally expressed in degrees. 
DRIFT ANGLE 


The angle between true heading and track (or 
true course), expressed as degrees right or left 
according to the way the aircraft has drifted. 


DRIFT CORRECTION 


Correction for drift, expressed in degrees (plus 
or minus), and applied to true course to obtain 
true heading. 


DRIFTMETER 
An instrument used for measuring drift. 


ECLIPTIC 

The great circle on the celestial sphere along 
which the apparent sun, by reason of the earth’s 
annual revolution, appears to move. The plane 
of the ecliptic is tilted to the plane of the 
equator at an angle of 23° 27’. 


EFFECTIVE AIR DISTANCE 

The distance measured along the effective air 
path. 

EFFECTIVE AIR PATH (EAP) 


A straight line on a navigation chart connecting 
two air positions, commonly used between the 
air position of two pressure soundings in order 
to determine effective true airspeed (ETAS) 
between the two soundings. 


EFFECTIVE TRUE AIRSPEED (ETAS) 

The effective air distance divided by the elapsed 
time between two pressure soundings. 
ELEVATED POLE 


That celestial pole which is on the same side of 
the equinoctial as the position of the observer. 








EQUAL ALTITUDE 
See Circles. 


EQUATION OF TIME 


The amount of time by which the mean sun 
leads or lags behind the true sun at any instant. 
The difference between mean and apparent 
times expressed in units of solar time with the 
algebraic sign, so that when added to mean time 
it gives apparent time. 

EQUATOR 


The great circle on the earth’s surface equi- 
distant from the poles. Latitude is measured 
north and south from the equator. 
EQUINOCTIAL 

See Celestial Equator. 


EQUINOX 


Autumnal Equinox 
The point on the equinoctial when the sun, 
moving along the ecliptic, passes from north to 
south declination. This usually occurs on 21 
September. 

Vernal Equinox 
The point on the equinoctial where the sun, 
moving along the ecliptic, passes from south to 
north declination. This usually occurs on 21 
March. 
EQUIVALENT AIRSPEED 
See Aurspeed. 
FAN MARKER 
See Marker Beacons. 


FIELD-ELEVATION PRESSURE 

The existing atmospheric pressure in inches of 
mercury at the elevation of the field. Also 
known as station pressure. 

FIRST POINT OF ARIES (T) 

See Aries. 


FIX 

The geographic position of an aircraft for a 
. specified time, established by navigational aids. 
FLIGHT-LEVEL PRESSURE ALTITUDE (FLPA) 

See Altitude, Basic Pressure. 
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FLIGHT PLAN 


Predetermined information for the conduct of a 
flight. That portion of a flight log that is pre- 
pared before the mission. 


GEOGRAPHICAL COORDINATES 
See Coordinates. 
GEOREF 


‘An international code reference system for re- 


porting geographical position (similar to rec- 
tangular coordinates). 
GEOSTROPHIC WIND 


The mathematically calculated wind which 
theoretically blows parallel to the contour lines, 
in which only pressure-gradient force and 
coriolis force are considered. 


GRADIENT WIND 


Generally accepted as the actual wind above the 
friction level, influenced by coriolis force, pres- 
sure gradient, and centrifugal force. 


GRATICULE 


A system of vertical and horizontal lines that is 
used to divide a drawing, picture, chart, etc., 
into smaller sections. On a map the graticule 
consists of the latitude and longitude lines. 


GREAT CIRCLE 

See Circles. 

GREAT-CIRCLE COURSE 

See Course. 

GREENWICH APPARENT TIME 

See Time. 

GREENWICH HOUR ANGLE 

See Hour Angle. 

GREENWICH MEAN TIME 

See Time. 

GREENWICH MERIDIAN 

The prime meridian which passes through 
Greenwich, England, and from which longitude 
is measured east or west. 

GREENWICH SIDEREAL TIME 


See Time. 
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GRID COURSE 
See Course. 


GRID HEADING 

See Heading. 

GRID NAVIGATION 

A method of navigation utilizing a lattice over- 
lay for direction determination. 

GRID NORTH 

See North. 


GRIVATION 

The angle between grid north and magnetic 
north at any point. 

GROUND PLOT 

A graphic representation of track and ground- 
speed. 


GROUND RANGE 
The horizontal distance from the subpoint of the 
aircraft to an object on the ground. 
GROUND RETURN 
The reflection from the terrain as displayed on 
a CRT. 
GROUNDSPEED (GS) 
The actual speed of an aircraft relative to the 
earth’s surface. 
GROUND WAVE 
A radio wave that is propagated over the surface 
of the earth and tends to parallel the earth’s 
surface. 
HACK FEATURE 
The hands of a watch stop while the stem is 
pulled to reset. 
HEADING 
The angular direction of the longitudinal axis 
of an aircraft measured clockwise from a 
reference point. 

Compass Heading (CH) 
The reading taken directly from the compass. 


Grid Heading (GH) 


The heading of an aircraft with reference to 
grid north. 


Magnetic Heading (MH) 


The heading of an aircraft with reference to 
magnetic north. 


True Heading (TH) 


The heading of an aircraft with reference to 
true north. 


HEAT-OF-COMPRESSION ERROR 


The error caused by the increase in the indica- 
tion of the free air temperature gage; due to 
air compression and friction on the case around 
the sensitive element. 


HOMING 
A technique of arriving over a destination by 
keeping the aircraft headed toward that point 
by reference to radio, Loran, radar, or similar 
devices. 


HORIZON 
Bubble Horizon 


An artificial horizon parallel to the celestial 
horizon, established by means of a bubble level. 


Celestial Horizon 
The great circle on the celestial sphere formed 
by the intersection of a plane passing through 
the center of the earth which is parallel to the 
plane tangent to the earth at the observer’s 
position. | 


Visible Horizon 
The circle around the observer where earth and 


sky appear to meet. Also called natural horizon 
or sea horizon. 


HOUR ANGLE 

Greenwich Hour Angle (GHA) 
The angular distance measured from the upper 
branch of the Greenwich meridian westward 


through 360° to the upper branch of the hour 
circle passing through a point. 


Local Hour Angle (LHA) 


The angular distance measured from the upper 
branch of the observer’s meridian westward 
through 360° to the upper branch of the, hour 
circle passing through a body. 
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SIDEREAL HOUR ANGLE (SHA) 


The angular distance measured from the upper 
branch of the hour circle of the first point of 
Aries westward through 360° to the upper 
branch of the hour circle passing through a body. 
HOUR CIRCLE 


See Circle. 

INDEX ERROR 

See Celesttal-Observation Error. 
INDICATED AIRSPEED 

See Airspeed. 

INDICATED AIR TEMPERATURE 
See Air Temperature. 


INDICATED PRESSURE ALTITUDE 
See Altitude. 


INDUCED PRECESSION 
See Precession, Induced. 


INHERENT DISTORTION 


The distortion of the display of a received radar 
signal caused by the design characteristics of a 
particular radar set. 


INITIAL POINT (IP) 

A preselected geographical position which is 
used as a reference for the beginning of a run 
on a target. 


INTERCEPT, CELESTIAL 


The difference in minutes of arc between an 
observed altitude of a celestial body and its 
computed altitude for the same time. This dif- 
ference is measured as a distance in nautical 
miles from the plotting position along the 
azimuth of the body to determine the point 
through which to plot the line of position. 


INTERNATIONAL DATE LINE 


The anti-meridian of Greenwich, modified to 
avoid island groups and land masses; in crossing 
this Greenwich anti-meridian there is a change 
of local date. 


ISOBAR 


A line connecting points of equal pressure on a 
constant altitude chart. 
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ISOGONIC LINE (Isogonal) 

A line on a chart joining points of equal 
variation. 

ISOGRIV 


A line of a chart joining points of equal 
grivation. 


KNOTS (k) 


Nautical miles per hour. 


LANDFALL 


The first point of land over which an aircraft 
crosses when flying from seaward; also as used 
in celestial navigation; the procedure in which 
an aircraft is flown along a celestial line of 
position which passes through destination. 
LATERAL AXIS 


An imaginary line running through the center 
of gravity of an aircraft, parallel to the straight 
line through both wing tips. 

LATITUDE 

Angular distance measured north or south of 
the equator along a meridian, 0° through 90°. 
LINE OF CONSTANT BEARING 


An unchanging directional relationship between 
two moving objects. 


LINE OF POSITION (LOP) 


A line containing all possible geographic posi- 
tions of an observer at a given instant of time. 


LOCAL APPARENT TIME 
See Time. 


LOCAL HOUR ANGLE 
See Local Hour Angle (LHA). 


LOCAL MEAN TIME 
See Time. 


LOCAL SIDEREAL TIME 
See Time. 


LOCAL ZONE TIME 
See Time, Zone Time. 
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LOG 


A written record of computed or observed flight 
data; generally applied to the written naviga- 
tional record of a flight. 


LONGITUDE 


The angular distance east or west of the Green- 
wich meridian, measured in the plane of the 
equator or of a parallel from 0° to 180°. 


LONGITUDINAL AXIS 


An imaginary line running fore and aft through 
the center of gravity of an aircraft, parallel to 
the axis of the propeller or thrust line. 


LORAN 
See Navigational Ards. 
LUBBER LINE 


A reference mark representing the longitudinal 
axis of an aircraft. 


MAGNETIC COURSE 
See course. 


MAGNETIC DIRECTION 


A direction measured clockwise from the mag- 
netic meridian. 


MAGNETIC HEADING 
See Heading. 
MAGNETIC NORTH 
See North. 


MAP 
See Chart. 


MAP READING 
See Navigational Ards. 


MAP SYMBOLS 


Figures and designs used to represent topograph- 
ical, cultural, and aeronautical features on a 
map or chart. 


MARKER BEACONS 


Radio beacons established at range stations, 
along airways, and at intermediate points be- 
tween range stations to assist pilots and ob- 
servers in fixing position. 
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FAN-type 


A 75-megacycle radio transmitter usually in- 
stalled at strategic points along a radio range 
across the on-course signal. The signal is pro- 
duced in a space shaped like a thick fan imme- 
diately above the transmitter. The signal may 
be received visually or aurally, depending on 
the receiver. 


M-type 


A low-powered, nondirectional radio station 
which transmits a characteristic signal once 
every few seconds. The range of the receiver is 
approximately 10 miles. 


Z-type 

A special 75-megacycle radio which transmits a 
signal within the cone of silence to enable the 
pilot to identify his position over the range 
station. The signal may be picked up visually 
or aurally depending on the receiver used. In 
Air Force aircraft, a marker-beacon light flashes 
on as the aircraft enters the cone of silence. 


MASTER STATION 


The primary or control transmitter station, the 
signal of which triggers the transmitter of one 
or more other stations. Also a transmitter 
station, the signals of which are used by other 
stations as a basis for synchronizing transmis- 
sions. 

MEAN SEA LEVEL (MSL) 

The average level of the sea, used to compute 
barometric pressure. 

MEAN SUN 


An imaginary sun traveling around the equi- 
noctial at the average annual rate of the true 
sun. 


MEAN TIME 

See T2me. 
MERCATOR COURSE 
See Course. 


MERIDIONAL PART 


A unit of measurement equal to one minute of 
longitude at the equator. 
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MINIMAL FLIGHT PATH 


A path which affords the shortest possible time 
en route, obtained by utilizing maximum 
assistance from the winds. 


MOST PROBABLE POSITION (MPP) 


The computed position of an aircraft determined 
by comparing a DR position and an LOP or a 
fix of doubtful accuracy determined for the same 
time, in which relative weights are given to the 
estimated probable errors of each. 


NADIR 

The point on the celestial sphere directly be- 
neath the observer’s position. 

NAUTICAL MILE (NM) 


A unit of distance used in navigation, 6080 ft; 
the mean length of one minute of longitude on 
the equator; approximately 1 minute of latitude; 
1.15 statute miles. 


NAVIGATION AIDS 
Any means of obtaining a fix or LOP as an aid 
to dead reckoning. 

Celestial (CEL) 
The determination of position by reference to 
celestial bodies. 

Consol 
A rotating radio-signal system utilized for long- 
range bearings. 

Loran (LN) 


An electronic aid to navigation whereby a line 
of position may be determined by measuring 
electronically the time difference between the 
receipt of pulsating signals of radio energy 
received from two different synchronized trans- 
mitting stations. 


Map Reading (M/R) 


The determination of position by identification 
of land marks with their representations on a 
map or chart. 


Pressure Pattern 


The determination of the average drift, or the 
crosswind component of the wind effect on the 
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aircraft for a given period by taking ‘‘D”’ 
soundings and applying the formula 


(D. —D,) 
aie ETAS 
where ZN is the cross wind component, K is 
the coriolis constant, ETAS is the effective true 
airspeed, and D, and Dz are the values of the 
pressure soundings. 


Radar 


The determination of position by obtaining 
information from a radar indicator. 


Radio 


The determination of position by the use of 
radio facilities. 


NORTH 


Compass North 


The direction indicated by the north-seeking 
end of a compass needle. 


Grid North 


An arbitrarily selected direction of a rectangular 
grid. In grid navigation the direction of the 180° 
geographical meridian from the pole is almost 
universally used as standard grid north. 


Magnetic North 


The direction towards the north magnetic pole 
from an observer’s position. 


True North 


The direction from an observer’s position to the 
geographical North Pole. The north direction 
of any geographic meridian. 


OCTANT 


An optical instrument whose prism moves In an 
arc of 45°, enabling it to measure the altitude 
of a celestial body up to 90°, See Sextant. 


PARALLAX ERROR 
See Celestial-Observation Errors. 


PERSONAL ERROR 


See Celestial-Observation Errors. 


PITCH 


Movement of an aircraft around the lateral, or 
X, axis. 
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PITOT 


A cylindrical tube with an open end pointed 
upstream; used in measuring Impact pressure, 
particularly in an airspeed indicator. 


PITOT-STATIC TUBE 


A parallel or coaxial combination of a pitot and 
static tube. The difference between the impact 
pressure and the static pressure is a function of 
the velocity of flow past the tube and may be 
used to indicate airspeed of an aircraft in flight. 


POLAR DISTANCE 


Angular distance from a celestial pole, or the 
arc of an hour circle between the celestial pole 
and a point on the celestial sphere. It is measured 
along an hour circle and may vary from 0° to 
180°, since either pole may be used as the origin 
of measurement. It is usually considered the 
complement of declination, though it may be 
either 90°—declination or 90°+declination, de- 
pending upon the pole used. 


POSITION OPERATION METEOROLOGICAL 
AIRCRAFT REPORTS (POMAR) 


A system of position and weather reporting 
from aircraft in flight. 


PRECESSION 


Apparent 


The apparent deflection of the gyro axis, 
relative to the earth, due to the rotating effect 
of the earth and not due to any applied forces. 


Induced 


The movement of the axis of a spinning gyro 
when a force is applied. The gyro precesses 90° 
from the point of applied pressure in the direc- 
tion of rotation. 


Of the Equinox 


The average yearly apparent movement of the 
first point of Aries to the west. 


PRECOMPUTED CURVE 


A graphical representation of the azimuth and/or 
altitude of a celestial body plotted against time 
for a given assumed position (or positions), and 
which is computed for subsequent use for 
celestial observations. Used in celestial naviga- 
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tion for the determination of position, or to 
check a sextant. 


PRESSURE ALTITUDE VARJATIONS (PAV) 


The pressure difference, in feet, between mean 
sea level and the standard datum plane. 


PRESSURE LINE OF POSITION (PLOP) 


A line of position computed by the application 
of pressure pattern principles. Specifically, a line 
parallel to the effective air path and ZN distance 
from the air position for a given time. 

(See Navigational Ards.) 


PROCEDURE TURN 


A constant-rate turn of an aircraft in flight; 
used for computing the radius of turn and time 
required for its execution when very accurate 
navigation is required in controlling time or 
maintaining accurate, briefed tracks, usually 
associated with the turn made at the initial 
point of a bomb run to insure that the bombing 
run is made on the briefed axis of attack. 


PROJECTION (CHART, MAP) 

A process of mathematically constructing a 
representation of the surface of the earth on a 
flat plane. 

PULSE DURATION OR PULSE WIDTH 

The duration, in microseconds, of each pulse in 
a radar transmission. 

PULSE-LENGTH ERROR 

A range distortion of a radar return caused by 
the duration of the pulse. 

PULSE RECURRENCE FREQUENCY (PRF) 


The number of pulses transmitted per second by 
a radar or radio transmitter. Also known as 
pulse recurrence rate (PRR). 


PULSE RECURRENCE TIME (PRT) 


The interval of time, in microseconds, between 
the transmission of two successive radar or 
radio pulses. 


QUADRANTAL ERROR 


The error in a radio direction indication intro- 
duced by the bending of radio waves by electrical 
currents and structural metal in the aircraft. 
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It may also refer to magnetic-compass errors 
resulting from the same causes. 


RADAR BEACON (RACON) 


A stationary transmitter-receiver which sends 
out a coded signal when triggered by a radar 
pulse. 


RADAR BEAM 
A directional concentration of radio energy. 


RADAR NAUTICAL MILE 


The time required for a radar pulse to travel out 
one nautical mile and the echo pulse to return 
(12.4 ms). 


RADIO COMPASS (ADF) 


A radio receiver equipped with a rotatable loop 
antenna which is used to measure the bearing 
to a radio transmitter. 


RADIO FREQUENCY (RF) 


Any frequency of electrical energy above the 
audio range which is capable of being radiated 
into space. 


RADIO NAVIGATION 
See Navigational Ards. 
RADIUS OF ACTION (R/A) 


The maximum distance that an aircraft can 
fly from its base before returning to the same 
or alternate base and still have a designated 
margin of fuel. 


RADOME 
A bubble-type cover for a radar antenna. 


RANGE CONTROL 

The operation of an aircraft to obtain the 
optimum flying time. 

RANGE DEFINITION 


_ The accuracy with which a radar set can measure 
range — usually a function of pulse shape. 


RANGE, MAXIMUM 


The maximum distance a given aircraft can 
cover under given conditions by flying at the 
economical speed and altitude at all stages of 
the flight. 
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RECTANGULAR COORDINATES 
See Coordinates. 
REVOLUTION (OF THE EARTH) 


The earth’s elliptical path about the sun which 
determines the length of the year and causes 
the seasons. 


RHUMB LINE 


A line which intersects all meridians at the 


same angle. 


ROTATION (OF THE EARTH) 


The spinning of the earth from west to east on 
its own axis which determines the days. 


RUNNING FIX 


A fix determined from a series of lines of position, 
based on the same object or body and resolved 
for a common time. 


SCAN 


The motion of a beam of r-f energy caused by 
rotating or displacing the reflecting element or 
the antenna in relation to the reflecting element. 
The search pattern of an antenna. 


SCRUBBED 


Cancellation of a mission usually before the 
crew reaches the aircraft. Generally this is a 
command decision. 


SEMI-DIAMETER (SD) 


The value in minutes of are of the radius of the 
sun or the moon. 


SEXTANT 


An optical instrument whose prism moves in an 
arc of 60°, enabling it to measure the altitude 
of a celestial body up to 120°. The term is 
commonly applied to all instruments measuring 
the altitude of a celestial body. 


SIDEREAL DAY 
See Day. 


SIDEREAL HOUR ANGLE 
See Hour Angle. 


SIDEREAL TIME 
See T1me. 
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SINGLE-DRIFT CORRECTION FLIGHT 

A technique used in pressure-pattern flying 
wherein a net drift is determined and the cor- 
rection applied to the course. 

SKYWAVES 

LN A radio signal reflected one or more times 
from the ionosphere. 

SLANT RANGE 

V Measurement of range along the line of sight. 


SLAVE STATION 

The station of a network which is controlled 
or triggered by the signal from the master 
station. 

SMALL CIRCLE 

See Circle. 


SOLAR DAY 
See Day. 


SOLSTICE 

Those points on the ecliptic where the sun reaches 

its greatest northern or southern declination. 

Also the times when these phenomena occur. 
Summer 


That point on the ecliptic where the sun reaches 
its greatest declination having the same name 
as the latitude. 


Winter 


That point on the ecliptic where the sun reaches 
its greatest declination having the opposite 
name as the latitude. 


SPEED LINE (LOP) 


A line of position that intersects the track at 
an angle great enough to be used as an aid in 
determining groundspeed. 


SPOKING 


Periodic flashes of the rotating sweep line on 
the PPI. 


SPOT-SIZE ERROR 


A distortion of a radar return caused by the 
size of the electron spot in a cathode-ray tube. 


STANDARD DATUM PLANE 


An imaginary surface containing all points 
having a barometric pressure of 29.92 inches of 
mercury at a temperature of 15° centigrade. 
See Altitude, Density. 


STANDARD LAPSE RATE 


Temperature 
A temperature decrease of approximately 2° 
centigrade for each 1,000 feet increase in altitude. 
Pressure 
A decrease in pressure of approximately 1 inch 
of mercury for each 1,000 feet. 
STAR MAGNITUDE 
A measure of the relative apparent brightness 
of stars. 
STATUTE MILE 
5,280 feet or .867 nautical miles. 


SUBPOINT 


That point on the earth’s surface directly 
beneath an object or celestial body. 


SUN LINE 


A line of position obtained by computation 
based on observation of the altitude of the sun 
for a specific time. 


SWEEP 


The luminous line produced on the screen of a 
cathode ray tube by deflection of the electron 
beam. Also called time base line. See Trace. 


SWEEP DELAY 

The electronic delay of the start of the sweep 
used to select a particular segment of the total 
range. 

SWING 

See Compass Swing. 


TARGET-TIMING WIND 


A wind determined from a series of ranges 
and bearings on the same target taken within 
a relatively short period of time. 








TIME 


Apparent Time 


Time measured with reference to the true sun. 
The interval which has elapsed since the last 
lower transit of a given meridian by the true 


' $un. 


Greenwich Apparent Time (GAT) 


Local time at the Greenwich meridian measured 
by reference to the true sun. The angle measured 
at the pole or along the equator or equinoctial 
(and converted to time) from the lower branch 
of the Greenwich meridian westward through 
360° to the upper branch of the hour circle 
passing through the true (apparent) sun. 


Greenwich Mean Time (GMT) 


Local time at the Greenwich meridian measured 
by reference to the mean sun. It is the angle 
measured at the pole or along the equator or 
equinoctial (and converted to time) from the 
lower branch of the Greenwich meridian west- 
ward through 360° to the upper branch of the 
hour circle passing through the true (apparent) 
sun. 


Greenwich Mean Time (GMT) 


Local time at the Greenwich meridian measured 
by reference to the mean sun. It is the angle 
measured at the pole or along the equator or 
equinoctial (and converted to time) from the 
lower branch of the Greenwich meridian west- 
ward through 360° to the upper branch of the 
hour circle through the mean sun (formerly 
called Greenwich civil time). 


Greenwich Sidereal Time (GST) 


Local sidereal time at Greenwich. It is equivalent 
to the Greenwich Hour Angle of Aries converted 
to time. 


Local Apparent Time (LAT) 


Local time at the observer’s meridian measured 
by reference to the true sun. The angle measured 
at the pole or along the equator or equinoctial 
(and converted to time) from the lower branch 
of the observer’s meridian westward through 
360° to the upper branch of the hour-circle 
passing through the true (apparent) sun. 
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Local Mean Time (LMT) 


Local time at the observer’s meridian measured 
by reference to the mean sun. It is the angle 
measured at the pole or along the equator or 
equinoctial (and converted to time) from the 
lower branch of the observer’s meridian west- 
ward through 360° to the upper branch of the 


hour circle through the mean (or average) sun. 


Local Sidereal Time (LST) 
Local time at the observer’s meridian measured 
by reference to the first point of Aries. It is 
equivalent to the local hour angle of Aries 
converted to time. 

Mean Time 
Time measured by reference to the mean sun 
(previously called civil time). 

Sidereal Time 
Time measured by reference to the upper branch 
of the first point of Aries. 

Standard 


An arbitrary time, usually fixed by the local 
mean time of the central meridian of the time 
zone. 


Zone Time 
The time used throughout a 15° band of lon- 
gitude. The time is based on the local mean 
time for the center meridian of the zone. 
TIME HACK 
The act of checking a watch with an accurate 
time. 
TIME TICK 
An accurate radio time signal. 


TIME ZONE 


A band on the earth approximately 15° of 
longitude wide, the central meridian of each 
zone generally being 15° or a multiple removed 
from the Greenwich meridian so that the 
standard time of successive zones differs by 
one hour. 


TRACK (TR) 


The actual path of an aircraft over the surface 
of the earth, or its graphic representation; also 
called track made good (TMG). 
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TWILIGHT 


That period of day, after sunset or before sunrise, 
when the observer receives sunlight reflected 
from the atmosphere. 


Astronomical Twilight 


That period which ends in the evening and 
begins in the morning when the sun reaches 
18° below the horizon. 


Civil Twilight 


That period which ends in the evening and 
begins in the morning when the sun reaches 6° 
below the horizon. 


Nautical Twilight 


That period which ends in the evening and 
begins in the morning when the sun reaches 12° 
below the horizon. 


VARIABLE RANGE MARKER (VRM) 


An electronic marker, variable in range, dis- 
played on a CRT, for purposes of accurate 
ranging; sometimes called bomb-release pip. 


VARIATION (VAR) 


The angle difference at a given point between 
true north and magnetic north expressed as the 
number of degrees which magnetic north is 
displaced east or west from true north. The 
angle to be added algebraically to true directions 
to obtain magnetic directions. 


VERNAL EQUINOX 
See Equinox. 


VISIBLE HORIZON 
See Horizon. 


WIND 


Moving air, especially a mass of air having a 
common direction or motion. The term is 
generally limited to air moving horizontally or 
nearly so; vertical streams of air are usually 
called currents. 
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WIND, DIRECTION, AND FORCE 


The direction from which, and the rate at 
which, the wind blows. 


WIND DIRECTION AND VELOCITY (W/V) 


Wind direction and speed. Wind direction is the 
direction from which the wind is blowing 
expressed as an angle measured clockwise from 
true north. Wind speed is generally expressed 
in nautical miles or statute miles per hour. 


YEAR, SIDEREAL 


The period of time between two successive 
passages of the sun across a fixed position 
among the stars. Its value is constant, and equal 
to 365 days 06 hours 09 minutes, a true measure 
of the earth’s period of orbital revolution. 


YEAR, TROPICAL, OR APPARENT SOLAR 


The period of time between two successive 
passages of the mean sun through the first point 
of Aries. It has a mean value of 365 days 05 
hours 48.75 minutes. This period contains one 
complete cycle of the seasons and is less than 
the sidereal year owing to the precession of the 
equinoxes. 


ZENITH (Z) 


The point on the celestial sphere directly above 
the observer’s position. 


ZENITH DISTANCE 


The angular distance from the observer’s 
position to any point on the celestial sphere 
measured along the vertical circle passing 
through the point. It is equivalent to co- 
altitude, but when applied to a body’s subpoint 
and the observer’s position on the earth it is 
expressed in nautical miles. 


ZN (Pressure Pattern Displacement) 


In pressure pattern flying, the displacement in 
nautical miles, at right angles to the effective 
airpath, due to the crosswind component of the 
geostrophic wind. 


ZONE TIME 
See Time. 
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AD DFeVIAtIONS 


OO 


AA 
A/C 
AD 
A/H 
alt 

Alt Set 
ant 

AP 

AS 
ATA 
Av, Avg 
Az 
BAS 
BAT 
BCN, BEA 
BPA 
°C 

Cal 
CAS 
CCW 
Cel 
CH 

CL 
comp 
Cr 
CRT 
CW 


D1, D2, D3 
DA, Hd 
D/C 
DCS 
DD 
dec 
dep 
dest 
dev 
D/F 
DH 

DR 

E 


absolute altitude 
alter course, aircraft 
air distance 

alter heading 
altitude 

altimeter setting 
antenna 

air Plot, air position 
airspeed, mph or knots 
actual time of arrival 
average 

azimuth 

basic Airspeed 

basic air temperature 
beacon 

basic pressure altitude 
degrees centigrade 
calibrated 

calibrated airspeed 
counterclockwise 
celestial 

compass heading 
climb 

compass 

cruise 

cathode-ray tube 
clockwise, continuous wave, canter 
wing 

successive “‘D’’ readings 
density altitude 

drift correction 

drift correction angle 
double drift 
declination 
departure 
destination 

deviation 

direction finding 
desired heading 

dead reckoning 

east 


’ 
4 
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effective air distance 
effective air path 
equivalent airspeed 

end of evening twilight 
equator 

estimated time of arrival 
effective true airspeed 
degrees Fahrenheit 
Greenwich apparent time 
Greenwich civil time 
grivation 

groundspeed 

Greenwich sidereal time 
successive altitudes of a pressure 
surface 

computed altitude (celestial) 
heading 

observed altitude 
Hydrographic Office (US Navy) 
pressure altitude, precompu! <d al- 
titude (celestial) 

sextant altitude (celestial) 
indicated airspeed 
indicated air temperature 
initial heading 

indicated 

intercept 

initial Point 

indicated pressure altitude 
indicated true airspeed 
knots 

constant 

latitude 

local apparent time 

local civil time 

local hour angle 

local mean time 

loran 

level off 

Longitude 

line of position 
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LST 
LZT 
m 
Mag 
MFP 
MH 
mph 
MPP 
M/R 
MSL 
N 

nm 
OAT 
P 
PAV 
PLOP 
POMAR 


pos 
PP 
PPI 
PR 
PRF 
PRR 
PRT 
QDM 
QUJ 
R or Refr 
R/A 
Racon 


XX 
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local sidereal time 

local zone time 

minute 

magnetic or magnitude 
minimal flight path 
magnetic heading 

miles per hour 

most probable position 
map reading 

mean sea level 

north or nadir 

nautical mile 

outside air temperature 
pole 

pressure altitude variation 
pressure line of position 
position operational meteorological 
aircraft report 

position 

pressure pattern 

plan position indicator 
position report 

pulse recurrence frequency 
pulse recurrence rate 
pulse recurrence time 
magnetic course to station 
true course to station 
refraction 

radius of action 

radar beacon 


Twit 
Vor 
VHF 
VLF 


WAC 





relative bearing 

radio direction finder 

south 

semi-diameter 

sextant 

tabulated 

true airspeed 

true air temperature 

true bearing 

true course 

temperature 

true heading 

takeoff 

turning point 

track 

twilight 

variation 

very-high frequency (30,000- 
300,000kc) 

very-low frequency (below 30kc) 
wind, west 

World Aeronautical Chart 
Wind direction 

wind force 

wind velocity or wind vector 
azimuth angle 

zenith 

zenith distance 

true azimuth 

pressure pattern displacement 
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